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 Organic solar cell device performance is largely determined by various 
interfaces, including the anode/organic or cathode/organic interfaces for 
efficient hole or electron extraction, selective hole or electron transport and 
exciton blocking, and organic-organic heterojunction (OOH) for exciton 
dissociation. This thesis aims to understand the energy level alignment at the 
OOH interface and the interface nanostructuring, as well as to develop 
effective anode interfacial layer for organic solar cells. 
 The organic donor-acceptor nanostructure of fullerene (C60) and 
a-sexithiophene (6T) on graphite are firstly investigated. It is found that the 
weak π-π (the van-der-Waals forces) intermolecular interaction between C60 
and 6T plays a key role in the formation of organic nanostructures on graphite. 
Room temperature deposition of C60 on the 6T monolayer on the weakly 
interacting graphite substrate results in the coexistence of three energetically 
stable structural motifs with a well-defined supramolecular arrangement, 
including C60 zigzag filament, C60 hexagon and C60-pair filament, and hence 
the formation of C60:6T molecular glass on graphite. 
 The interface electronic structure of C60/ copper (II) phthalocyanine (CuPc) 
and C60/copper-hexadecafluoro-phthalocyanine (F16CuPc) heterojunctions on 
SiO2 and graphite has been studied secondly. Fermi level pinning effect of C60 
molecules on standing CuPc films has been observed. Moreover with the use of 
v 
 
orientation-controlled CuPc and F16CuPc thin films, the C60 HOMO energy 
levels relative to the substrate Fermi level can be tuned from 1.9 eV for C60 on 
standing CuPc films to 1.0 eV on standing F16CuPc films.  
 We investigate the energy level alignment and the Fermi level pinning 
mechanism at the organic donor-acceptor heterojunctions interfaces by using 
the model OOHs of the standing CuPc and ZnPc films on the standing F16CuPc 
thin films on SiO2. Through the defect induced gap states, we provide a detailed 
explanation for this thickness dependent energy level alignment and Fermi level 
pinning mechanism at the organic donor-acceptor OOH interface. 
 Organic electron transporting layer is critical to improving the power 
conversion efficiency (PCE) and long-term stability of an organic photovoltaic 
cell that utilizes a low work function anode. In this contribution we report a 
novel electron transporting layer (ETL) material with high Tg and attractive 
electron-transport properties. The characterization of photovoltaic devices 
involving Ag or Al electrodes shows that this thermally deposited interlayer can 
considerably improve the PCE, due largely to a simultaneous increase in Voc and 
FF relative to the reference devices without an ETL. Ultraviolet photoemission 
spectroscopy studies reveal that this promising ETL can significantly lower the 
work function of the Ag metal as well as indium tin oxide (ITO) and HOPG, 
and facilitate electron extraction in OPV devices. 
   
vi 
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Chapter 1 Introduction 
 
1.1 Organic photovoltaic 
1.1.1 General principle 
 With the discovery of photovoltaic effect in silicon p-n junction diode in 
1954 by Pearson et. al. from Bell Laboratories, the era of solid state 
photovoltaics (PV) has emerged.[1] Due to the rapidly increasing energy 
demand and the limited reserve of traditional fossil fuel sources, solar cell 
industry as clean and renewable energy sources has grown tremendously in the 
last two decades. With the annually 29%-75% growth of global PV installation 
since 2005, the PV capacity has reached 139 GW by the end of 2013, and 
estimated 35 to 52 GW being installed in 2014. The PV industry is now 
increasingly competing with conventional energy sources. However, the high 
materials and device production costs hamper their practical use as a main 
energy source, i.e. the PV contributes only 0.85% to the electricity demand 
now. 
 In the last decade, intensive research has been devoted to the development 
of low cost PV technologies, of which organic photovoltaic (OPV) is one of the 
most promising candidates. OPV devices are fabricated by π-conjugated small 
molecules (aromatic hydrocarbons) or polymers. The localized states in the 
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molecule and π-bonding overlapping between the neighboring molecules in 
the organic solid lead to semiconducting behavior and strong interactions with 
visible and near-infrared light.[2] Compared to the traditional inorganic 
materials, the important difference is the generally poor charge carrier 
mobility and small diffusion length of photo excitons in the organic 
materials.[3, 4] However, organic semiconductors have relatively strong 
absorption coefficients (> 105 cm-1), which gives high light adsorption in thin 
film (< 100 nm) devices. These features of organic semiconducting materials 
lead to key advantages of OPV devices, including (i) low weight and 
flexibility,(ii) semitransparency, and (iii) low manufacturing cost and low 
environmental impact during the fabrication and operation. 
 
1.1.2 Working principle of OPV 
 The basic operation principle of active layer in OPV can be described by 4 
steps in the Figure 1.1.1. In step 1, after absorption of an incident photo with 
higher energy than the optical gap of the organic materials, an electron in the 
highest occupied molecular orbital (HOMO) will be excited to the lowest 
unoccupied molecular orbital (LUMO), leaving a hole in the HOMO. This 
electron-hole pair stays as a charge neutral exciton inside the active layer. For 
a sufficient electron hole separation, donor-acceptor heterojunction is required. 
Thus, in step 2, the excitons diffuse to the interface. Step 3 is the exciton 
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dissociation, which results a rapid electron transfer process, leaving a hole in 
the donor HOMO while a electron in the acceptor LUMO.[5] Finally, in step 4, 
the separated electron and hole move towards the respective electrode under 
the build-in potential, resulting a photovoltage and photocurrent.  
 
Figure 1.1.1 The schematic of the four step operation principle of a 
donor-acceptor OPV. 
 
 Here, the overall external quantum efficiency (ηEQE, the ratio of the 
number of electron-hole pairs collected at the electrodes to the number of the 
incident photons) can be written as: 
ηEQE=ηA ηED ηCT ηCC=ηA ηIQE         (1.1)  
where ηA, ηED, ηCT, ηCC and ηIQE are the efficiencies of light absorption 
(exciton generation), exciton diffusion, charge transfer (exciton dissociation), 
charge collection, and internal quantum efficiency (the ratio of the number of 
electron-hole pairs collected at the electrodes to the number of the absorbed 
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photons). The efficiency of a solar cell is presented by photo conversion 
efficiency (PCE)  
𝜂 =  𝑉𝑂𝐶 × 𝐽𝑆𝐶 × FF
∅𝐶
           (1.2) 
where VOC, JSC and FF are the open circuit voltage, short circuit current 
density and fill factor, while ∅𝐶 refers to the incident light power. FF is 
defined by the maximum obtainable power (Pmax) to the VOC and JSC. (Fig. 
1.1.2) FF = Pmax
VOC×JSC = Jm×VmVOC×JSC          (1.3) 
 
Figure 1.1.2 Typical current-voltage characteristics in an organic solar cell 
(dark current, dash curve; light current, full line curve). The important 
parameters for the device are illustrated on the axis, while the value of Pmax is 
determined by the shadow area. Jm and Vm
 
 are the current density and voltage 
at the maximum power. 
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1.1.3 Design rules for OPV 
 Based on the principle of OPV operation process, the general design 
principles for efficient OPVs can be derived as follows. For the step 1, it is 
essential to design both donor and acceptor active organic materials with high 
light absorption coefficients. Figure 1.1.3 displays molecular structures for 
most widely used organic donor and acceptor materials. Copper and zinc 
phthalocyanines (CuPc and ZnPc) are the two most common small molecule 
donors, [3, 6, 7] whereas some other aromatic molecules, such as 
diindenoperylene (DIP),[8] have also shown the opportunity of efficient OPV 
devices. Poly(3-hexylthiophene) (P3HT) is most widely used polymer donor. 
Recently, low gap donor-acceptor polymers, such as 
poly((4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)(3-flu
oro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl)) (PTB7) [9] and 
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]-dithiophene)-alt
-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) [10], which have a long wavelength 
absorption with the optical band gap of about 1.3 eV, show a high power 
conversion efficiency of 9.21% and 6.79%.[11, 12] The fullerenes and their 
derivatives (for example, [6,6]-Phenyl C61 butyric acid methyl ester (PCBM), 
indene-C60 bisadduct (ICBA)) have become most successful acceptor 








Figure 1.1.3 Molecular structures of several widely used orgainc donor and 
acceptor materials. 
  
 The desired diffusion of exciton towards the organic-organic interface (step 
2) requires rigid obligation of thin film morphology. Tang et al. introduced a 
two-layer OPV cell containing a donor-acceptor heterojunction and for the 
first time, a nearly 1% efficient OPV device was demonstrated.[6] Because of 
the short exciton diffusion length (10-50 nm) in organic semiconductor, 
interdigital nanostructuring at the donor-acceptor interfaces can facilitate 
efficient exciton dissociation and efficient light absorption, leading to the 
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development of the OPV with a bulk heterojunction (BHJ) structure (Fig. 
1.1.4).[5, 14] Peumans et al. showed the deposition of capping layer (Ag) 
could prevent the development of surface roughness but retain the phase 
segregation within the BHJ. They also found the thermal annealing 
temperature could control the size of the grains.[14] Comparing these two kind 
of heterojunction, the relatively ordered nanostructure can be achieved with 
high charge conductivity by the planar heterojunction; while the BHJ attains 
the large interface area and enhanced exciton diffusion process.  
 
Figure 1.1.4 Simulated annealing effects on the interface morphology of a 
mixed-layer, small-molecule (CuPc, and 3,4,9,10-perylene tetracarboxylic 
bis-benzimidazole, PTCBI) bulk heterojunction photovoltaic cell. a) The 
initial configuration is generated using a random number generator, and a 
mixture composition of 1:1. This also assumes that no significant phase 
segregation occurs during deposition at beginning. The interface between 
CuPc and PTCBI is shown as a green surface. CuPc is shown in red and 
PTCBI is transparent. b–d) The configurations after annealing are shown for 
increasing annealing temperature. (reprinted from Ref. [14] with permission 
from Nature Publishing Group, copyright 2003) 
  
 Step 3 in operation refers to the exciton dissociation across the 
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organic-organic interface, with inhibition of recombination of carriers. The 
most important parameter controlling the spontaneous and continuous 
photocurrent is the energy level offsets of the HOMOs (and LUMOs) between 
donor and acceptors, which need to exceed several hundred of meV for efficient 
exciton dissociation.[15] 
 Finally, step 4 needs the high charge carrier mobility to expedite charge 
transport from the organic-organic interface to the electrode. Hole transporting 
layer (HTL) and electron transport layer (ETL) are also essential in the 
modification of the electrode. For example, in the conventional OPV structure 
using indium tin oxide (ITO) as the cathode, a thin hole transporting layer of 
conductive poly(3,4-ethylenedioxythiophene): polystyrene sulfonate 
(PEDOT:PSS) is often used to planarize the ITO electrode and increase its work 
function (WF) for effective hole collection.[16] In the same time, an electron 
transporting layer is introduced between the active layer and anode to reduce 
the WF, such as low work function metals (e.g., Ca and Ba) [17, 18] or alkali 
metal salts (e.g., LiF and Cs2CO3) [19, 20]. In addition to the improvement of 
the charge transporting, these buffer layers are also required to block the 
opposite charge to annihilate the charge recombination at the electrode.[21] The 
Voc could be largely affected by the non-Ohmic contact. If both contacts are 




1.2 Interface nanostructuring of organic-organic heterojunctions (OOHs) 
 Interface nanostructuring of OOHs represents one of the most important 
aspects in interface engineering of OPVs. The OOH structure in OPV requires 
the highly ordered molecule nanostructure and the interdigitated separated 
phases. During the charge collection step, the efficient transport of separated 
charges is mainly determined by the effective π-plane coupling of neighboring 
molecules and crystallinity of the organic phases. For the small molecule planar 
system, the vacuum deposited film exhibit the predominant advantages of 
forming well-defined crystalline structure.[23] However, in BHJ systems, the 
interface control is crucial and arduous. Thermal annealing [24, 25] and solvent 
annealing [26, 27] are currently the most widely-adopted methods for 
controlling the nanostructure. Other approaches are also proven effective for 
improving polymer OPV morphology, such as solvent mixture [28] and use of 
additives.[10] Furthermore, the glancing angle deposition can be applied to 
form a remarkable high degree of ordered nanocolumns structure, which can 
significantly increase the interface area.[29, 30] 
 
1.3 Energy level alignment (ELA) at OOH interface 
 The energy level alignment is another key to the designation of the organic 
electrical devices. Many promising works have been done to reveal the ELA at 
the metal/organic interface first and many concepts of understanding the 
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metal/organic interface have been provided, especially the vacuum level 
alignment. This model was then applied to other interfaces, such as the OOH. 
However, H. Ishii et al.[31] pointed out the invalidity of the assumption of a 
common vacuum level alignment (Schottky-Mott limit) by systemically 
photoemission spectroscopy (PES) investigation on the interface and brought 
out the concept of Fermi level alignment. After this convincing work, many 
models to explain the ELA at OOHs have been provided, including integer 
charge transfer (ICT) [32] model and the induced density of interface states 
(IDIS) [33].  
1.3.1 Integer charge transfer model  
 Generally, the ICT model describes interfaces that are characterized by a 
negligible hybridization of π-electronic molecular orbitals and substrate wave 
function,[32] which covers the weak interacting organic/metal and 
organic-organic interfaces. The energy-level diagram can be described by the 
relationship between the substrate WF and integer charge-transfer state, which 
is defined as the energy required to take away one charge from the molecule to 
produce a fully relaxed state (negative (EICT-) and positive (EICT+) ICT state). 
(Fig. 1.3.1) This model can be explained as followed: when the EICT-<ΦSUB < 
EICT+, no charge transfer and no dipole formation is shown, as vacuum level 
alignment is observed; when ΦSUB>EICT+ or ΦSUB<EICT: Fermi-level pinning to 
these integer charge-transfer states. However, this model cannot well explain 
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the commonly observed thickness-dependent band bending like behavior and 
can only apply to limited OOHs.  
 
Figure 1.3.1 Schematic illustration of the evolution of the energy level 
alignment when a π-conjugated organic molecule or polymer is physisorbed on 
a substrate surface when a) work function ΦSUB>EICT+: Fermi-level pinning to a 
positive integer charge-transfer state, b) EICT-<ΦSUB < EICT+: vacuum level 
alignment, and c) ΦSUB < EICT-
32
: Fermi-level pinning to a negative integer 
charge-transfer state. The charge-transfer-induced shift in vacuum level, ∆, is 
shown where applicable.(reprinted from Ref. [ ] with permission from 
WILEY-VCH Verlag GmbH, copyright 2009) 
  
  
1.3.2 Induced density of interface states model 
 The IDIS model, originally proposed for metal/inorganic semiconductor 
interfaces, was extended to metal/organic ones.[34] This model proposes that 
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charge transfer occurs over organic/metal interfaces, so that the Fermi level of 
the metal aligns with the so called charge neutrality level (CNL) of the organic 
molecule modified by the interface slope parameter S, which represents the 
strength of the interaction.[33] When the molecules adsorb onto the clean metal 
surface, the resonance of the molecule states and metal continuum of states 
gives rise to a shift and broadening of the molecular levels. Thus, in the final 
energy level alignment, both the interfacial dipole and the final difference 
between the CNL levels at the heterojunction depend on the slope parameter 
and the initial offset of the CNL levels.[33] The further approximation has been 
introduced to this model and applied to the organic/organic interface to predict 
interface energy level alignment, (Fig. 1.3.2) 
(CNL1-CNL2)final= S12 (CNL1-CNL2)initial      (1.4) 
∆OO=(1-S12) (CNL1-CNL2)initial        (1.5) 
where CNL1 ,2 and ∆OO are the CNL of the organic 1,2 and the dipole of the 
vacuum level respectively; S12 is the screening parameter at the heterojunction, 
defined by the relation of dielectric parameter ε1 and ε2, 
S12=1/2 (1/ε1+1/ε2)           (1.6) 
The dielectric parameter is derived from the slope parameter of the 
corresponding organic material with Au under empirical equation, 
(1/SAu-1) ~ (ε-1)2           (1.7) 
By resolving the equation (1.7), the result from equation (1.6) can solve 
following the equation (1.5) and (1.4), which could give the final state 
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(CNL1-CNL2)final and the interface dipole ∆OO. This IDIS model gives 
promising prove on some organic/metal and organic/organic interface. As this 
model originates from the moderate organic/metal interaction (non-covalent 
bond formation), the CNL could be understood by the physic picture at this 
particular interface. However when comes to the organic/organic interface, the 
final state can only be derived from the empirical equations without providing 
physical explanation, because the weak organic-organic interaction makes this 
system no long fulfill the premise of the wave function overlapping (i.e. orbital 
overlapping) of the heterojunction. 
 
 
Figure 1.3.2 Energy level alignment at organic heterojunctions: the initial CNL 
difference is partially screened, resulting in the formation of an interface dipole 
∆OO 33 and a smaller final CNL offset. (reprinted from Ref. [ ] with permission 
from Elsevier B.V., copyright 2007) 
 
1.3.3 Gap state model 
 It is also argued that the tiny density of gap states originated from the defect 
and disorder in the molecular packing structure, which exhibits as a tailing from 
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the HOMO and LUMO into the band gap.[35] This defect induced gap state 
decays exponentially as a function of energy differrence from the HOMO (or 
LUMO). We found this kind of the gap states had a significant effect on the 
energy alignment at the OOH interface and also the metal oxide/organic 
interface.[36] We will further discuss the model in the following chapters.  
 
1.4 Electrode interface modification in OPV 
 As mentioned above in the OPV operation step 4, the interface between the 
organic and the electrode is also essential to determine the charge injection 
(extraction) and recombination. The mismatch of the WF of electrode to 
HOMO or LUMO of the organic molecule would cause the deficiency in charge 
injection in organic electronic devices. Thus, the modern organic electronic 
devices always contain a thin film of HTL and ETL to control the interface 
between the organic and electrode. Additionally, to avoid recombination at the 
electrode, the selective charge transporting direction is crucial to increase the 
device efficiency. Thus, the relative large gap of valence band (VB) and 
conduction band (CB) in HTL or ETL is also required for the sufficient opposite 






tetrafluro-tetracyanoquinodimethane(F4-TCNQ), have been developed as HTL 
materials for organic electronic devices to minimize the hole injection barrier 
between ITO anode and active layer.[21, 37] All of these materials have been 
successfully used as single or multilayer HTLs to improve hole 
transport/injection as well as device performance. Recently, transition metal 
oxides such as vanadium oxide (V2O5),[38] molybdenum oxide (MoO3),[39] 
nickel oxide (NiO),[40] and tungsten oxide (WO3) [41] have been employed as 
HTL buffers to improve the interfacial properties between ITO and active layer 
in the conventional OPV. These high WF and large-band gap metal oxides 
possess good optical transparency in visible and near infrared light, which 
allows solar photons to reach the active layer.  
 Low WF metals (e.g., Ca and Ba) [17, 18] or alkali metal salts (e.g., LiF 
and Cs2CO3) [19, 20] are widely used as the ETL/electrode to utilize electron 
injection (extraction) in the organic electrics devices. However, low WF metals 
are very sensitive to moisture and oxygen. Also, the application of alkali metal 
salts is quite tricky because they are always insulators, thus the thickness 
requires to be carefully controlled. In the meantime, alkali metal salts are often 
deposited in UHV system to achieve an amorphous thin film. One possible way 
to avoid both problems is to implement water/alcohol soluble surfactants 
together with higher WF metal (e.g., Ag) as electrode. Recent study on reducing 
the WF by an ultrathin layer of a polymer containing simple aliphatic amine 
groups shows a promising improvement on the inverter OPV devices.[12, 42] 
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These polymers form the ethylamine molecular dipole and the dipole at the 
organic/electrode interface with the same direction, resulting a reduction of the 
WF on metal oxides (ITO, fluorin doped ITO, ZnO), metals (Au, Ag, Al) and 
PEDOT:PSS as well as graphene. Thus, a systematical study on this organic 
ETL on different substrates as well as ETL/organic interface can help to 
understand the mechanism of this kind of material.  
 
1.5 Objective and scope of this thesis 
 This thesis mainly focuses on the surface and interface study of organic 
electronic devices. The first part is the OOH interface nanostructure and energy 
level alignment study. The second part is device and electrical structure study 
on the interface between organic material and a novel electron transporting 
layer. 
 The thesis is organized as follows: Chapter 2 introduces an overview of 
experimental techniques used in this thesis. Experimental results are presented 
in Chapter 3 to Chapter 6. Chapter 3 presents the PES and scanning tunneling 
microscopy (STM) study on the α-sexithiophene (6T)/C60 donor-acceptor 
interface on highly ordered pyrolytic graphite (HOPG). Chapter 4 shows the 
systematic study on C60/CuPc interface with orientation controlled of the 
phthalocyanine film. In chapter 5, with the precise study on the CuPc/F16CuPc 
interface, we demonstrate the defect gap states in the explanation of the 
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mechanism of the Fermi level pinning effect and band bending like behavior. 
Chapter 6 presents the newly fabricated electron transporting materials. The 
electric structures study provide the experimental explanation of the function of 
the ETLs in the OPV devices. Chapter 7 includes the summary of the whole 






Chapter 2 Experimental  
 
 In this chapter, the experimental techniques applied in this thesis are 
introduced. The experimental principles of photoemission spectroscopy (PES) 
are presented in section 2.1. Near edge X-ray absorption fine structure 
(NEXAFS) is shown in section 2.2. The electronic structure of organic solid is 
described in section 2.3. The scanning tunneling microscopy (STM) is shown 
in section 2.4. The substrate preparation and thermal evaporation are presented 
in section 2.5 and 2.6. The fabrication of organic solar cell is addressed in 
section 2.7. 
 
2.1 Photoemission spectroscopy 
 PES, also known as photoelectron spectroscopy, refers to kinetic energy 
(KE) measurement of electrons emitted from solids, gases or liquids by the 
photo excitation at specific photon energy, to determine the binding energies 
(BEs) of electrons in a substance. The basic principle beneath PES is the 
well-known photoelectric effect, which was explained by Albert Einstein in 
1905. It describes the phenomenon when the sample is exposed to the X-ray or 
ultraviolet (UV) light source. A photon with specific energy (hv) is absorbed 
and excites an electron in the material orbit with energy (Ei) to the vacuum. The 
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energy of the photoelectron can be detected as kinetic energy (E'k). The certain 
energy of the initial energy state of the electron is defined by electron binding 
energy (Eb) from the Fermi energy. Thus, the relationship between BE and KE 
of the photoelectron can be expressed on the energy conservation as, 
Eb =hυ-E 'k-φs             (2.1) 
where φs is the WF of the sample. 
 Several models have been proposed to theoretically illustrate the 
photoemission process. Among them, a three steps model developed by 
Berglund and Spicer is the most commonly used model to understand the 
complex photoemission process. In this model, the optical excitation between 
two Bloch states, the transport of the excited electron to the surface and escape 
of the electron from the surface to the vacuum are treated separately (Fig. 2.1.1). 
As a result, the total photoemission intensity is then given by the product of the 
three independent probabilities associated with each step. Among them, the 
optical excitation of an electron is described by the Fermi Golden rule transition 
probability, which is dependent on
2
, ,f k H i k  where ,i k  and ,f k  are 
states with negligible change in wave vector k. The perturbation operator H , is 
satisfied as:  
( )
2
eH A p p A
m
= ⋅ + ⋅            (2.2) 
where A is the vector potential of the incident light and p the momentum 
operator. Therefore, by measuring the energy distribution of the photoelectrons 
at fixed photon energy, the features of the occupied density of states weighted 
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by the matrix element is reproduced in PES. Beside this, another one-step 
treatment has been proposed recently. In this model, the excitation from a 
one-electron Bloch wave state into a damped final state near the surface has 
been widely accepted as an effective model for photoemission related 
calculations.  
 
Figure 2.1.1 Illustration of three-step model in photoemission process: (i) 
photoexcitation of an electron from an initial state to a final state; (ii) transport 
of excited electrons to the surface; (iii) escape from surface to the vacuum. 
  
 Fig. 2.1.2 schematically shows a typical experimental set-up for PES 
measurements. The main sections of a PES system is a photon source which 
emits photons at a specific energy, an electron energy analyzer (spectrometer) 
which is situated in a proper direction facing the sample surface and measures 
the KE of emitted electrons, and a data collection system which records the 
measured electron KE as well as photoelectron intensity simultaneously. The 
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measurement system is encapsulated in an ultra high vacuum (UHV) system in 
order to minimize the inelastic scattering of photoelectrons by gas molecules. 
The sample used in PES measurements can be any solid as long as it has enough 
conductivity to avoid charge accumulation on the surface. The photoelectron 
spectrum, or energy distribution curve, is obtained by sweeping a range of KEs 
with the electron analyzer and keeping the photon energy constant. It should be 
noted that the KE measured by the spectrometer (Ek) is not directly equal to the 
KE of photoelectrons (E'k) in most cases due to the WF difference between that 
of the spectrometer ( aφ ) and that of the sample ( sφ ), and Eqn. (2.1) is then 
rewritten as: 
b k aE h Eυ φ= − −            (2.3) 
 This eliminates the need of prior knowledge of the sample WF, and 




Figure 2.1.2 (a) A typical experimental set-up for PES measurements. (b) the 
(a)              (b) 
 22 
 
energy level alignment between sample and the electron energy analyzer 
assuming sample and analyzer are in good electric contact so their Fermi 
energies coincide with each other. (from [43] (on-line). Available internet: 
http://en.wikipedia.org) 
 According to the photon energy of the exciting radiation source, PES can 
be divided into two main categories, namely ultraviolet photoelectron 
spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) as shown in 
Figure 2.1.3. Laboratory-based UPS utilizes a vacuum UV radiation source (hv 
= 10 ~ 100 eV) which is commonly a noble gas discharge lamp, such as a 
helium discharge lamp. The He discharge lamp is able to emit He I spectral line 
at 21.2 eV and He II line at 40.82 eV depending on the gas pressure and 
discharge current conditions. Due to the relatively low photon energy of UPS, it 
is only capable of ionizing valence electrons from the outermost levels of the 
sample materials. Therefore, UPS is sometimes referred as valence band 
spectroscopy as well. One advantage of UPS is that it can offer high electron 
energy resolution (several meV) owing to the very narrow line width of the 
radiation light. Because UPS is optimized to probe the valence electron states, 
by doing a detailed angle resolved UPS study (ARUPS), the complete valence 
band structures in the k-space can be mapped out. Another major application of 
UPS is to study the bonding orbitals of molecules either absorbed on solid 
surfaces or condensed as molecular solids. By sweeping the energy region close 
to the Fermi level, various frontier molecular bonding orbitals including the 
HOMO can be resolved. 
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 UPS is also often used to measure the sample WF ( sφ ) for metals or 
ionization potential (IP) for semiconductors by measuring the spectral width 
(W). As shown in Fig. 2.1.3, the spectral width W is defined as the energy 
distance between the cut-off position of the secondary electron emission in the 
low KE region and the Fermi energy position. For materials other than metals, 
there is no DOS at the Fermi energy, and the upper edge of the spectra width is 
then replaced by the spectral feature that has the highest KE (i.e. valence band 
maximum or HOMO edge). It is straightforward to obtain the sample work 
function as s h Wφ υ= −  for metals. For semiconductors this gives the IP 
instead. It should be noted that when the sample WF is smaller than that of the 
spectrometer ( s aφ φ< ), the low KE photoelectrons with energies just above the 
vacuum level (VL) of sample cannot be detected by the electron analyzer (see 
Figure 2.1.3), and the spectral width measured by analyzer is underestimated, 
leading to incorrect value of sample WF or IP. In order for these low KE 
electrons to overcome the WF of analyzer, a small negative bias (U ~ 3-10 eV) 
is usually applied to the sample, which shifts the measured spectrum to higher 
kinetic energies. The WF or IP measured in this method represents the intrinsic 
properties of samples, eliminating the influence of the spectrometer.  
 Owing to the higher photon energy of X-rays, XPS can excite the core-level 
electrons residing in much deeper energy states than those in valence bands. 
(Fig. 2.1.3) Because the BEs of core-level electrons are usually element specific, 
each element gives rise to a characteristic set of peaks with specific BE in the 
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XPS spectrum (e.g. 1s, 2s, 2p …). Therefore, XPS can provide information on 
the chemical composition of the studied materials by examining the presence of 
characteristic peaks associated with different elements. Furthermore, the 
intensity of the peaks is related to the concentration of the element within the 
sampled region. Thus, the technique provides a quantitative analysis of the 
surface composition. 
 
Figure 2.1.3 Schematic diagram of XPS and UPS. The spectra shown on the 
right side shows a typical valence band density of states (DOS) and it 
corresponding UPS spectrum. 
  
 The most commonly employed commercial Lab-based X-ray sources in 
XPS experiments are the Mg Kα radiation (hν = 1253.6 eV) as well as the Al Kα 
radiation (hν = 1486.6 eV). However, they suffer from an inherent low energy 
resolution due to large line width of X-ray source. The last several decades have 
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witnessed a rapid development in synchrotron radiation facilities, producing 
synchrotron radiation with high brilliance, high energy resolution and wide 
energy range. In particular, the tunable photon energy of synchrotron radiation 
source enables much improved flexibility in PES measurements. For example, 
one can greatly enhance the cross section for a specific energy level of an 
element by intentionally choosing a photon energy close the BE. 
 PES equipment in our group is shown in Fig. 2.1.4. This multi-chamber 
system contains: a preparing chamber and an analyzer chamber. The organic 
molecular beam deposition (OMBD) and quartz crystal microbalance (QCM) 
are installed in the preparing chamber, while the UV lamp (He I hv =21.2 eV), 
a twin anode X-ray source (Al Kα, hv =1456.6 eV and Mg Kα, hv =1246.6 eV) 
and Omicron EA 125 hemispherical analyzer are installed in the analyzer 
chamber. The sputtering and annealing can be done on the stage of the 
manipulator in the preparing chamber. The pressure is normally around 10-8 
mbar and 10-10 mbar in the preparing chamber and analyzer chamber after 





Figure 2.1.4 Photograph of PES system, combining an analyzer chamber and 
a preparing chamber. The pump system is beneath the stage (not shown).  
 
2.2 Near edge X-ray absorption fine structure 
 NEXAFS also named X-ray absorption near edge spectroscopy (XANES) 
is another widely used surface characterization technique that probes the 
unoccupied electronic states. The fundamental principle underlying NEXAFS 
is similar to the excitation process, in which an electron from the core-level of 
an atom (initial state) absorbs an incoming photon and is excited into an 
unoccupied final energy state (excited state). However, different from the free 
electron final state of the emitted photoelectrons, the final state of the excited 
electron in NEXAFS is a bound state. For an electron in a core level of an atom, 
a specific amount of energy is required to excite this electron to the unoccupied 
states near the Fermi level. As shown in Fig. 2.2.1, when the incident X-ray 
photon energy just reaches the energy gap between the core-level and the 
 27 
 
unoccupied state, causing the excitation of a core electron into an unoccupied 
final state. The core hole is then subsequently filled by an electron from the 
outer shell level and creates an Auger electron or an emission of a fluorescent 
photon, resulting in interference effects which modulate the X-ray absorption 
observed. The density and the nature of the unoccupied final states hence 
dominate the measured NEXAFS spectrum, and have a very important effect 





Figure 2.2.1 Schematic diagram of the X-ray absorption transition and the 
associated Auger decay channel. The low-energy NEXAFS region with discrete 
structure originating from core electron transitions to unoccupied states (dotted 
lines shows the deconvolution fittings) and the EXAFS region with single 
scattering processes at higher energies, are indicated. (reprinted from Ref [15] 
with permission from John Wiley and Sons, copyright 2011) 
  
 In the Fig. 2.2.1, the structure close to the absorption edge (10-50 eV) is 
known as the NEXAFS region. The structures located at higher photon energies 
(50-1000 eV above absorption edge) are the extended X-ray absorption fine 
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structure (EXAFS) that exhibits weak oscillations due to interference between 
back-scattered electron waves with forward-propagating electron waves. We 
focus on NEXAFS region during this study. NEXAFS are normally referring to 
two different detection modes: Auger electron yield (AEY) mode by 
measuring electron flux of a particular Auger process and total electron yield 
(TEY) mode by detecting the sample current or partial electron yield mode by 
using an electron yield detector. Generally, the signal of TEY mode is more 
bulk sensitive than AEY and PEY mode, though still in a few nanometer range. 
In this study, we use the TEY mode. 
 The synchrotron light gives great assets for the NEXAFS experiments, 
because of the linearly polarized X rays. In molecules, the relative direction 
between the transition dipole moment of various chemical bonds (π* and σ*) 
and light polarization has a strong influence on the intensities of related 
resonant transitions, thus, the NEXAFS is extremely sensitive to the bond 
angles and bond length. In our study of the aromatic organic molecules, the π* 
and σ* orbitals are typically perpendicular and parallel to the molecule plane. 
Thus, with NEXAFS study, the molecular orientation could be determined by 
the angle α between the molecule plane and the surface plane, 
I(θ) ~ 1+1/2(3cos2θ-1) (3cos2α-1)         (2.4) 
where θ is the angle between the incident light and surface, while I(θ) refers to 




2.3 Electronic structures in an organic solid 
 For organic solid, some basic concepts from the inorganic solid can be 
adopted. However, the others should be further defined or reestablished to 
fulfill the new issues. The schematic picture from the Fig. 2.3.1 illustrates the 
electronic structures of an organic solid step by step. Firstly, Figure 2.3.1 (a) 
shows the electronic structure of hydrogen atom. The potential well is the 
Coulomb potential by the atomic nucleus with the horizontal part of VL. The 
atomic orbitals are formed in this well and the electron occupied the 1s ground 
state. Secondly, Fig. 2.3.1 (b) shows the electronic structure of an organic 
molecule, the potential well of electron is formed by the atomic nuclei and other 
electrons. The upper part is merged as a broad well as delocalized molecular 
orbitals, where the deep atomic orbitals are still located in the potential well as 
core levels. The IP or electron affinity (EA) is defined as the energy difference 
between the VL and the HOMO or LUMO, respectively. Finally, Fig. 2.3.1 (c) 
exhibits the electron structure of an organic solid or film. Since the molecules 
are weakly interacted with each other, the electronic structure of molecules in 
solid remains mostly intact as isolated molecules. The concept of Ef is still 
valid for the electron in energy levels following Fermi statistics. However, the 
difference from the single molecule is the IP and EA, though the definition is 
still the same. In the condensed state, the molecules surrounding the ionized 




Figure 2.3.1 Electronic structure presented with potential well (a) Hydrogen 
atom, (b) single organic molecule, (c) molecule solid. The position of HOMO, 
LUMO, core level, vacuum level, EA, IP and Fermi level is indicated. 
 
 The HOMO and Evac can be determined by UPS, while the core level can be 
derived by XPS. LUMO is in principle obtained by invert PES (IPES), which is 
usually hindered by the radiation damage of the sample. Thus, the EA is usually 
estimated from the IP and optical band gap. However, the transport gap is 
formed by the free electron-hole pair, which is higher than the optical band gap 
with an energy difference of the exciton binding energy (order of a few hundred 
meV). The Fig. 2.3.2 shows the whole spectrum for the energy level of organic 
film. The full line curve is the PES for the occupied states, while the red dash 
curve refers to the IPES for unoccupied states. The peak in the deep of the 
spectrum indicates the core level while the one near the Fermi level determines 




Figure 2.3.2 Combined PES and IPES of organic molecule film. The 
photoemission onset, core level, HOMO and LUMO edges, Fermi level (EF), 
vacuum level (Evac
  
), IP and EA are indicated. 
2.4 Scanning tunneling microscopy 
STM is conceptually simple, and it works by scanning a sharp metal wire 
tip over a conductive surface. The surface structure could be imaged at the 
scale even down to single atoms by bringing the tip close to the surface and 
applying a voltage between the tip and the sample. Although simple in concept, 
several critical problems should be solved: precise control of location and 
movement of the metallic tip, control of the vibration, and making the tip with 
atomic sharpness. Piezoelectric ceramics can be used to precisely control the 
tip’s position by appropriately applying the voltage. The tunneling voltage, 
working in conjunction with the feedback system and the piezoelectric 
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material, allows for precise adjustment of the tip’s height and placement over 
the surface. To obtain high-resolution, it requires high system stability, which 
can only be achieved by the combination of a few stages of vibration-damping 
systems and a rigid design of the STM instrument. Generally, the STM tips are 
etched from tungsten wire by an electrochemical process.  
STM has been widely used as an imaging tool to reveal the surface 
structures at the atomic scale such as the moiré patterns and defects of 
graphene. Besides these, surface dynamic processes like adatom adsorption, 
diffusion and island formation can also be characterized by STM. STM has 
been utilized as a powerful tool to manipulate single atoms/molecules and to 
construct nanostructures at the atomic scale with unique properties.  
A basic model of the metal-vacuum-metal tunneling is explained in 
details. The work function Φ of a metal surface is defined as the minimum 
energy required to remove an electron from the bulk out of the vacuum level. 
In metals, the work function of a surface is strongly affected by the condition 
of the surface, such as different metal materials and the crystallographic 
orientation. Besides these, the presence of contamination, or the occurrence of 
surface reactions (oxidation) can change the work function substantially. The 
tip can be treated as a free electron metal with a constant density of states 
(DOS); while the sample contains a distribution of the surface DOS. The tip 
and sample have the same vacuum levels but different Fermi energies when 
the tip and the sample are isolated far from each other, where the work 
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function of the tip and sample is ΦT and ΦS
Ψ = A exp (−kZ)            (2.5) 
 respectively. The quantum 
mechanical wave functions of the electrons are periodic in the solid and decay 
exponentially into the vacuum region according to , 
where k is the inverse decay length, Z is the distance perpendicular to the 
surface. When the tip and sample is close to a few Å apart and in 
thermodynamic equilibrium, the Fermi levels of the tip and sample will be 
aligned. Electrons attempting to travel from sample to tip (and vice versa) will 
encounter an energy barrier, but the electrons can tunnel through if the barrier 
width is sufficiently narrow. The energy levels of the tip can be rigidly shifted 
upward (negative tip bias) or downward (positive tip bias) by an amount of 
|eV|. At negative tip bias, the detected current arising from the electrons tunnel 
from occupied states of the tip into unoccupied states of the sample; while at 
positive tip bias, electrons tunnel from occupied states of the sample into 
unoccupied states of the tip.  
An STM system (shown in Fig. 2.4.1) is constructed with an atomically 
sharp metallic tip, piezoelectric tube scanner, voltage control circuit, feedback 
control circuit, vibration isolation system, data processing and display terminal. 
The scanning tip, commonly using of tungsten (W) or platinum-iridium (Pt-Ir) 
alloy, is mounted on the piezoelectric transducer which controls the x, y, z 
position during approaching and scanning. Driven by the coarse controller 
firstly and piezoelectric z scanner subsequently, the STM tip can be brought 
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sufficiently close to the sample by detecting the tunneling current via the 
feedback control circuit. Since electron tunneling occurs from or into 
electronic states near EF
 
, which can exhibit a complicated structure. It is 
obvious that the electronic structures of the surface and the tip play a major 
role in determining the tunneling current. Note that the energy range of this 
process is given by the applied bias voltage.  
Figure 2.4.1 A schematic picture of STM. (free copyright from Wikipedia 
website: http://en.wikipedia.org/wiki/Scanning_tunneling_microscope) 
 
 Fast Fourier transform (FFT) procedure is a tool to filter raw STM images. 
The transform from the original image to the power spectrum can emphasize 
the periodic patterns in the real space by brightness of the spots. This 
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procedure can be analyzed by the monitoring software which can support as a 
real-time information. 
 Our multiple chamber low temperature scanning tunneling microscopy 
(LT-STM) is shown in Figure 2.4.2. A preparing chamber and a LT-STM 
chamber are set up for this system. Similar to our PES system, the preparing 
and deposition of the sample is done in the preparing chamber, then transfers 
to the LT-STM chamber. The pressure is around 10-9 mbar and 10-10
 
 mbar 
respectively. The STM studies are performed in the constant-current mode 
under 77K (liquid nitrogen) with the voltage applying on the scanning tip.  
Figure 2.4.2 Photograph of LT-STM system, combining an LT-STM chamber 




2.5 Organic molecular beam deposition 
 Organic molecular beam deposition (OMBD) is a well-established 
technique to grow organic thin films under very clean and controlled conditions, 
such as UHV condition. The deposition describes the crystalline growth of one 
material on the same (homoepitaxy) or on a different material (heteroepitaxy). 
In the present study, I focus on the single multi layer organic molecular thin 
films (< 15 nm) growth on different surfaces.  
 In our heterojunction experiment, molecules are sequentially deposited by 
OMBD from low-temperature Knudsen cells (MBE Komponenten, Germany) 
onto the substrate at room temperature in the preparing chamber under UHV. 
Both the substrate temperature and the evaporation rate are precisely controlled 
and monitored by thermal couple and the QCM. The crucibles used for 
evaporation as well as the organic materials have to be degassed thoroughly 
before the deposition to ensure high purity. All the molecules used in present 
study have been sublimated carefully at least twice to ensure the high purity. 
The deposition rates of organic molecular are monitored by a QCM during 
evaporation and are further calibrated by depth profiler. In the experiments, all 
depositions are performed at constant rates of around 0.01 ML/min for STM 




2.6 Preparation of clean substrates in the UHV chamber 
 The facet and lattice plane of the supporting substrates strongly influence 
the as-prepared thin films. Additionally, the defects or contaminations on the 
substrates may affect the adsorption and nucleation of the adsorbates as well. In 
this case, the substrates prepared under UHV conditions for STM would be 
preferred to assure the highly ordered and clean surface (generally much less 
than 1% of the adsorption sites are covered with impurities). For instance, 
before the deposition of molecules, the freshly cleaved HOPG substrate was 
thoroughly degassed in the preparation chamber at ~ 300 °C for more than 4 hrs. 
Si wafer with native oxide was cleaned by soaking in hot Piranha solution (2:1 
= H2SO4:H2O2) then rinsing by deionized water, then degassed in preparing 
chamber at ~ 250 °C for overnight. Single crystal metal substrates were cleaned 
by repeated Ar+ sputtering and annealing cycles, the cleanness and surface 
structure were examined by STM as well. For example, the Ag(111) substrate 
was cleaned by several cycles of Ar+ ion bombardment (700 eV energy, 10 
μA/cm2 ion current density) and thermal annealing (40 min at 800 K).  
 
2.7 OPV device fabrication 
 ITO-coated glass substrates were cleaned by sonication in acetone, 
detergent, deionized water, and isopropyl alcohol and dried in a nitrogen stream, 
followed by an oxygen plasma treatment. To fabricate photovoltaic devices, a 
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thin hole-collection layer (ca. 40 nm) of PEDOT:PSS (Baytron PVPAI 4083, 
filtered at 0.45 μm) was spin-cast on the pre-cleaned ITO-coated glass 
substrates and baked at 120 oC for 20 min under ambient conditions. The active 
layer P3HT:PC61BM was prepared by spin-casting 1,2-dichlorobenzene 
solution (20:20 mg mL–1) at 800 rpm for 36 s in a glove box, dried in covered 
glass Petri dishes at room temperature for 30 min, and thermally annealed at 110 
oC for 10 min. The active layer PTB7:PC71BM (11:16.5 mg mL–1) was prepared 
by spin-casting chlorobenzene (CB) solution with the addition of a small 
amount of 1,8-diiodooctane (DIO) (CB:DIO = 100:3, V/V) at 2000 rpm for 50 s 
in glove box. The thickness of the PTB7:PC71BM layer was about 100 nm. 
ETLs were either deposited by thermal evaporation at 0.2 Å/s in vacuum (< 
5×10−4 Pa) or spin-cast on top of the active layer from IPA solution with the 
same concentration of 0.5 mg mL−1 at 2000 rpm. The Al and Ag electrode were 
thermally deposited for 100 nm and 60 nm, respectively, through a mask in 
vacuum (< 5×10−4 Pa). All steps except processing of PEDOT:PSS were 
performed in the glove box. The schematic picture of the organic solar cell is 
presented in Figure 2.7.1. The effective device area was about 0.04 cm2 for the 
active layer P3HT:PC61BM and 0.06 cm2 for PTB7:PC71BM. The current 
density–voltage (J–V) characteristics were measured using a Keithley 2400 
source meter. The photovoltaic devices were characterized using a calibrated 











Chapter 3 LT-STM and UPS 




3.1 Introduction  
 OOH interface is widely existed in many binary or multiple stacking 
structures. Intensive research efforts have been devoted to the development of 
novel nanoscale phase separation and interdigital nanostructuring approaches at 
the organic donor-acceptor heterojunction interfaces to maximize the 
donor-acceptor interface contact areas and hence to facilitate efficient exciton 
dissociation, thereby improving the power conversion efficiency of organic 
solar cells.[7, 14, 44-50] To provide design rules for effective interface 
interdigital nanostructuring, it is necessary to carry out systematic investigation 
to understand the nanoscale phase separation processes and mechanism of 
organic donor-acceptor systems. Self-assembly of binary or multicomponent 
molecular system on surface via noncovalent intermolecular interactions (such 
as van-der-Waals forces, π-π interaction, hydrogen bond, dipolar coupling, etc) 
can be used as model system to help understand the nanoscale phase 
separation.[49, 50] It also represents one promising approach to fabricate 
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long-range ordered molecular nanostructure arrays with desired functionalities 
over macroscopic areas for their uses in future molecular- or nanoelectronic 
devices.[51-53] A large number of intriguing molecular nanostructure arrays 
via this approach has been reported.[54-57] It is found that the subtle balance 
among intermolecular, intramolecular within the binary or multicomponent 
molecular system, and the molecule substrate interfacial interactions drives the 
formation of organic nanostructures or self-intermixed monolayer phases,[55, 
58-61] for example, the molecular nanostructures formed via the self-assembly 
of C60 with acridine-9-carboxylic acid (ACA),[62] C60 with porphyrins, C60 
with Subphthalocyanine (SubPc),[63] C60 with 6T [55, 58, 60] and 
p-sexiphenyl (6P)[64, 65] and so on.  
 In this chapter, the self-assembly of the binary molecular system of C60 and 
6T on HOPG substrate has been used as a model system to investigate the 
organic donor-acceptor nanostructure formation processes by using in situ 
LT-STM and synchrotron-based PES measurements. The combination of this 
6T:C60 donor-acceptor system has been widely used in organic solar cells. Our 
experiments reveal that the intermolecular interaction between C60 and 6T 
(dominated by the π-π interactions and the weak donor/acceptor interaction) 




3.2 STM and PES study of C60:6T on HOPG  
3.2.1 LT-STM study of C60:6T on HOPG  
 We first use LT-STM to study the organic donor-acceptor nanostructure 
formation processes of C60 and 6T on the weakly interacting HOPG substrate.  
The 6T was deposited at 450K, while C60 was deposited at 600K monitored by 
QCM in the preparing chamber. Fig. 3.2.1 (a) shows a representative large 
scale 50×50 nm2 STM image of the well-ordered 6T monolayer on HOPG. Fig. 
3.2.1 (b) displays the corresponding molecularly resolved 7×7 nm2 STM image 
in which each rodlike bright feature represents a single 6T molecule. Clearly, all 
6T molecules adopt the lying-down configuration with their thiophene rings 
oriented parallel to the HOPG surface. Such preferential lying-down 
configuration on HOPG is proposed to be stabilized through the interfacial π-π 
interaction between 6T and graphite[58] that is commonly observed for 
monolayer molecules with extended π planes such as pentacene[66] and various 





Figure 3.2.1 (a) STM image of 6T monolayer on HOPG, 50×50 nm2, 
Vtip=－2.5 V; (b) the corresponding molecularly resolved 7×7 nm2 STM image, 
Vtip=1.5 V. (c) 150×150 nm2 STM image for the sample after the RT deposition 
of 0.5 ML C60 on the 6T monolayer, Vtip=－2.3 V; and (d) corresponding 
detailed 20×20 nm2 STM image, Vtip=－1.9 V. In panel (d), the rectangles, 
circles and elipse highlight the three elementary structural motifs of the zigzag 
filament, hexagon and C60
  
-pair filament, respectively.  
 Room temperature (~ 300 K) deposition of C60 on the 6T monolayer on 
HOPG results in the formation of random C60 networks constructed from 
wormlike superstructures as shown by the large scale 150×150 nm2 STM image 
in Fig. 3.2.1 (c) and the corresponding detailed 20×20 nm2 STM image in Fig. 
3.2.1 (d). Careful inspection of the STM images reveals that the random C60 
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network comprises three elementary structural motifs, (i) C60 zigzag filament, 
(ii) C60 hexagon, and (iii) C60-pair filament as highlighted by the rectangle, 
circle, and ellipse, respectively, in Fig. 3.2.1 (d). The close-ups of these 
elementary structural motifs are displayed in Figs. 3.2.2 (a) to 3.2.2 (c) with the 
proposed schematic models attached below each STM image. We have 
previously suggested that the formation of the C60 zigzag filament is steered by 
the templating effect of the underlying 6T monolayer nanostripe.[58] The 
model involves two parallel aligned C60 pairs interlinked by a single C60 atop a 
6T monolayer nanostripe as shown in Fig. 3.2.2 (d). The skeleton of the 
underlying 6T monolayer nanostripe can be sustained through interfacial π-π 
interactions (mainly the van-der-Waals force) with HOPG. The formation of the 
hexagon can be understood through the attachment of two additional C60 
molecules aside the center C60 single molecule of the zigzag filament as shown 
by the schematic model in Fig. 3.2.2 (e). The periodic stacking of C60 pairs 
along the underlying 6T nanostripes can give rise to the formation of the 
C60-pair filament as illustrated in proposed model in Fig. 3.2.2 (f). It is clear that 
the templating effect of the 6T monolayer nanostripe can lead to the formation 
of these three C60 superstructures. All these structures with well-defined 
supramolecular arrangements are energetically stable [47] at room temperature, 
resulting in the coexistence of these three structural motifs and the formation of 






Figure 3.2.2 Molecularly resolved STM images for the identified three 
elementary structural motifs: (a) the zigzag filament, (b) the hexagon, and (c) 
the C60-pair filament, and the corresponding schematic models [(d)–(f)] are 
attached below each panel. (g) 20×20 nm2 STM image for the ordered zigzag 
C60 chain arrays on HOPG (Vtip
  
=-2.2 V) after annealing at 350 K and its 
corresponding FFT image is shown in (h). 
 The formation and coexistence of these three elementary structural motifs 
on graphite can be rationalized as follows. The C60-6T intermolecular 
interactions (π-π interactions and the weak charge transfer interactions) can 
induce structural rearrangement of the underlying 6T nanostripe during the 
deposition of C60 on the 6T monolayer nanostripe on HOPG at RT to 
accommodate C60 molecules. On inert HOPG, the 6T-HOPG interface is 
dominated by the π-π interaction (mainly the van-der-Waals forces). Such weak 
interfacial interactions allow the structural rearrangement of the underlying 6T 
nanostripe induced by the C60-6T intermolecular interactions and facilitate the 
formation of the three types of elementary structural motifs of C60:6T as shown 
in Fig. 3.2.2. Annealing the binary system at elevated temperature can increase 
 47 
 
the molecular surface mobility and allow them to find the most stable structural 
motif. As shown in Fig. 3.2.2 (g), after annealing the system at 350 K for 2 h, 
the surface is dominated by the C60 zigzag type (i) motif. This results in the 
formation of long-range ordered C60 zigzag chain arrays, [58] mediated by the 
6T-HOPG interfacial π-π interactions (details for this long-ranged ordered C60 
zigzag chain-arrays can be found in Ref.[58]). The long-range order is 
confirmed by the corresponding sharp FFT image in Fig. 3.2.2 (h).  
 
3.2.2 PES study of C60:6T on HOPG  
 To understand the nature of C60:6T interfacial interactions, in particular the 
degree of the charge transfer or the strength of the donor-acceptor interaction 
between C60 and 6T, we performed in situ synchrotron-based PES experiments. 
Fig. 3.2.3 shows the evolution of thickness dependent PES VB spectra at the 
low-binding energy region [Figs. 3.2.3 (a) and 3.2.3 (b)], PES spectra at the 
low-kinetic energy region [Fig. 3.2.3 (c)], and C 1s [Fig. 3.2.3 (d)] and S 2p 
[Fig. 3.2.3 (e)] core level spectra during the deposition of C60 on 1 nm 6T film 
on HOPG at room temperature. Spectrum (2) in Fig. 3.2.3 (a) shows the typical 
VB structure of a 6T thin film with HOMO peak centered at the binding energy 
of 1.53 ± 0.02 eV [Fig. 3.2.3 (b)]. Sequential deposition of the C60 top layer 
leads to the appearance of a C60–related HOMO peak with binding energy at 
2.37 ± 0.02 eV [Figs. 3.2.3 (a) and 3.2.3 (b)]. Upon increasing the coverage to 
 48 
 
3.0 nm, the VB is dominated by C60–related features [spectrum (6) in Fig. 3.2.3 
(a) and 3.2.3 (b)]. Clearly, we did not observe any apparent binding energy shift 
of both 6Tand C60-related HOMO peaks during the sequential deposition of C60.  
 
 
Figure 3.2.3 Thickness dependent synchrotron PES spectra during the 
deposition of C60 on 1 nm 6T on HOPG: (a) valence band spectra at the 
low-binding energy part and (b) corresponding close-up spectra near the EF
 
 
region, (c) PES spectra at the low-kinetic energy part (secondary electron 
cut-off), (d) C 1s and (e) S 2p core level spectra. (a)–(c) were measured with 
photon energy of 60 eV, and (d) and (e) were measured with photon energy of 
350 eV. All binding energy are relative to the substrate Fermi level. 
 The vacuum level after the deposition of C60 was measured by linear 
extrapolation of the low-kinetic energy onset (secondary electron cut-off) of 
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PES spectra in Fig. 3.2.3 (c). A small vacuum level increasing (or work function 
increase) of 0.08 ± 0.02 eV was observed after the deposition of 3 nm C60 on 6T. 
This suggests that the degree of the charge transfer at the C60:6T interface is 
very small, and hence the interface is dominated by the π-π interaction (mainly 
the van-der-Waals forces) and the weak charge transfer interactions. Such weak 
charge transfer character at the C60:6T interface can be further confirmed by 
core level measurements for C 1s and S 2p. The C 1s spectrum for 1 nm 6T on 
HOPG [spectrum (2) in Fig. 3.2.3 (d)] is dominated by the C(C) component at 
284.4 ± 0.02 eV and C(S) component at 285.1 ± 0.02 eV. By depositing 3 nm 
C60, the C 1s spectrum is dominated by the C60-related component at 285.1 ± 
0.02 eV [spectrum (6) in Fig. 3.2.3 (d)]. During C60 deposition, we did not 
observe any apparent shift for the C(C) component of the 6T film. A similar 
trend has also been observed for S 2p spectra [Fig. 3.2.3 (e)]. During C60 
deposition, although the intensity was attenuated by the top C60 layer, the 
binding energy of 6T-related S 2p3/2 (164.2 ± 0.02 eV) and S 2p1/2 (165.4 ± 0.02 
eV) peaks remained constant, suggesting a very weak charge transfer character 
at the C60:6T interface even exists. Therefore, C60:6T interface is dominated by 





3.3 Summary  
 In summary, in situ LT-STM and PES experiments have been used to 
investigate the organic donor-acceptor nanostructure formation processes of C60 
and 6T on graphite. On the weakly interacting HOPG substrate (dominated by 
the π-π or the van-der-Waals forces), during the RT deposition of C60, the 
intermolecular interaction between C60 and 6T (dominated by the π-π 
interactions and the weak charge transfer interactions) can induce structural 
rearrangement of the underlying 6T nanostripe and hence facilitate the 
formation of three energetically stable structural motifs with well-defined 
supramolecular arrangements, that is, C60 zigzag filament, C60 hexagon and 
C60-pair filament. It is found that only the C60 zigzag filament can develop into a 
long-range ordered two-dimensional network of C60 zigzag chain array by 
annealing the system at 350 K. Our detailed investigation by using model 
system of C60 and 6T on graphite can help better understand the nanoscale phase 
separation and nanostructuring at the organic donor acceptor heterojunction 
interfaces and hence to improve the power conversion efficiency of organic 
solar cells via maximizing the donor-acceptor interface contact to facilitate 
efficient exciton dissociation. Our study also has potential implications for the 
design and fabrication of 2D binary molecular nanostructure arrays with desired 





Chapter 4 Tuning C60 energy levels by 




Recently a number of interface modification schemes have been developed 
to control the energy level alignment at OOH interfaces and hence to improve 
the device performance.[68, 69] For instance, Koch et al. revealed that by 
adjusting the pre-coverage of the metal substrate with electron acceptor 
F4-TCNQ, electron transfer from Au to adsorbed F4-TCNQ layer was 
responsible for the significant reduction of the hole injection barrier by as much 
as 1.2 eV.[70] Ueno et al. investigated the charge injection barriers at the 
interfaces of a pentacene monolayer on oriented polar phthalocyanine (Pc) 
modified graphite substrates, and found that the charge injection barrier 
depends on the substrate work function.[71] 
It is now known that the orientation of organic materials plays an 
important part to determine IP of well-ordered organic thin films.[72-74] For 
example, Duhm, S. et al. reported that specific molecular orientations in 
subsequently grown films induced by designed pre-pattern of substrates 
permitted adjusting the IP of organic materials, such as the IP of lying 
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α,ω-dihexyl-sexithiophene (DH6T) films is 0.6 eV higher than standing films, 
while the IP of lying 6Tfilms is 0.4 eV higher than standing films. Our previous 
studies by synchrotron based PES measurements have demonstrated that the IP 
of lying CuPc films (IP=5.15 eV) is 0.4 eV higher than that of standing CuPc, 
while the IP of lying F16CuPc films (IP=5.75 eV) is 0.85 eV lower than that of 
standing F16CuPc, which can be explained by the opposite surface dipoles built 
in the standing CuPc and F16CuPc molecules originating from the different 
intramolecular dipolar bonds exposed at the surface. In this chapter, we use both 
standing and lying CuPc and F16CuPc molecules, which are widely used in 
organic field effect transistor (OFETs) and OPVs,[75, 76] to modify the 
molecular energy levels of C60 thin films. UPS and synchrotron based 
photoelectron spectroscopy measurements are used to study the energy level 
alignment at the OOH interfaces. We demonstrate an orientation dependent 
interfacial charge transfer at the widely used p-n junction (C60/CuPc), and near 
vacuum level alignment at n-n junction (C60/F16CuPc) which could be used to 
tune the energetic positions of the molecular orbitals. 
 
4.2 UPS study of C60 on orientation controlled CuPc 
The CuPc was deposited firstly at 550K, while C60 was deposited at 600K 
monitored by QCM in the preparing chamber. The thickness dependent 
evolution of UPS spectra of C60 deposited on standing CuPc molecules on SiO2 
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with C60 coverage from 0.2 to 6.0 nm is shown in Fig. 4.2.1 (a) and 4.2.1 (b). 
The bottom spectrum was measured from a 5.0 nm pristine CuPc layer 
deposited on the SiO2 substrate. It can be observed that HOMO peak from CuPc 
gradually decreases after the deposition of C60 molecules, while the intensity of 
the HOMO originating from C60 increase. The low kinetic energy region of UPS 
spectra is shown in Fig. 4.2.1 (a). In this picture, the secondary electron cutoff 
implies work function. When the coverage of C60 increases, an upward vacuum 
level shift of 0.7 eV occurs, which indicates an apparent interface dipole. 
Simultaneously, the HOMO peaks of C60 and CuPc (indicated by the solid lines 
in Fig. 4.2.1 (b)), show shifts of 0.4 and 0.2 eV toward Fermi level, respectively. 
The C 1s and N 1s core level spectra with selected thickness of C60 on standing 
CuPc thin films is shown at Fig. 4.2.2 (a) and (b). The binding energy of all core 
levels are also shifted to lower binding energy which is consistent with the UPS 
results. The work function varies together with binding energy shift of C60. As 
the thickness of C60 increases to 6.0 nm, the HOMO peak of C60 rises to 2.45 eV 




Figure 4.2.1 He I UPS spectra at the low kinetic energy region (a) and the 
low-binding energy region near the Fermi level (b) during the deposition of C60 
on the standing CuPc film on SiO2. (c) plot showing the vacuum-level, and 
binding energy shift of HOMO peak maximum, and plot (d) showing binding 





Figure 4.2.2 C 1s (a, c) and N 1s (b, d) core level spectra during the deposition 
of C60
  
 on the standing (a, b) and lying (c, d) CuPc films.  
There is no sign of vacuum level shift can be observed when C60 molecules 
are deposited on lying CuPc film on HOPG by comparison. The WF indicated 
in Fig. 4.2.3 (a) shows a vacuum level alignment at the C60/CuPc interface. In 
the same time, there is no shift for all HOMO peaks of both C60 and CuPc. This 
vacuum level alignment can be further proved by core level (C 1s and N 1s) 




Figure 4.2.3 He I UPS spectra at the low kinetic energy region (a) and the 
low-binding energy region near the Fermi level (b) during the deposition of C60 
on the lying CuPc film on HOPG. (c) shows the corresponding plots of HOMO 
peak maximum and vacuum-level shift as a function of C60
 
 coverage. 
Thus, in the first non-interactive C60/CuPc OOH system, the vacuum level 
shift on standing CuPc films and vacuum level alignment on lying CuPc films 
are observed. These phenomena can be further explained by the induced defect 
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gap states model (the more detailed explanation in next chapter). As the work 
function of the standing CuPc thin film (3.70 eV) is smaller than the EA (4.1 eV) 
of C60,[77] the electron will spontaneously transfer from the underlying 
standing CuPc to C60 at the interface, resulting the substrate Fermi level looked 
pinning at the LUMO of C60. With further deposition, the Fermi level is 
pinning to the gaps states which locate gradually away from the LUMO of C60 
(HOMO of C60 moving towards Fermi level), resulting from the 
thermodynamic equilibrium of quantified charge transfer and increasing gap 
states.  
For lying CuPc molecules, the work function (4.50 eV) is a just larger than 
the EA of C60 and located in the gap between LUMO and HOMO. Thus, 
vacuum level alignment occurs and no interface dipole arises. 
4.3 UPS study of C60 on orientation controlled F16CuPc 
The effect of molecular orientation at C60/F16CuPc (deposited at 570K) 
interface also has been researched as a model n-n OOH, in order to better 
understand the energy level alignment at OOH interfaces. The 
thickness-dependent synchrotron PES spectra of C60 on 5.0 nm standing F16CuP 
film on SiO2 is presented in Fig. 4.3.1. A vacuum level shift of 0.2 eV can be 
observed, while barely no binding energy shift (0.05 eV) of HOMO peaks of 
C60 molecules during the increasing coverage. When the thickness of C60 
reaches 8.0 nm, the HOMO peak of C60 is located at 1.60 eV while the work 
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function of C60 thin film is 5.35 eV. Since the Fermi level of the standing 
F16CuPc molecule locates right between LUMO and HOMO of C60 molecule, it 
is not energetically favorable for electrons to transfer from F16CuPc to C60 or 
vice versa. Additionally, there is also no shift of HOMO peaks observed during 
the growth of C60, which proves that there is no band bending like behavior at 
the C60/F16CuPc interface. It is worth noting that when the thickness of C60 
molecules is higher than 0.5 nm, no vacuum level shift can be observed. This 
suggests that the interface dipole is formed only at the initial stages of C60 
growth on standing F16CuPc thin film. Recently, de Oteyza et al. observed 
thickness-dependent structural transitions in F16CuPc films deposited on SiO2, 
which implies large differences in the molecular tilt with the increasing 
coverage of F16CuPc molecules.[78] It is also reported that the deposition of 
DIP molecules can induce interface reconstruction of the underlying F16CuPc 
film adjacent to the organic-organic interface and hence cause the appearance of 




Figure 4.3.1 Synchrotron PES spectra at the low kinetic energy region (a) and 
the low-binding energy region near the Fermi level (b) during the deposition of 
C60 on the standing F16CuPc film on SiO2
 
.  
As mentioned in the introduction, the different orientations of F16CuPc 
molecules could also result in different IPs. (or in this case, the WF at the 
interface) Thus, this 0.2 eV vacuum level downward shift is assigned to 
originate from the rearrangement of the underlying F16CuPc molecules induced 
by C60 growth. This hypothesis can be confirmed using the OOH of C60 on 
thicker F16CuPc film (10.0 nm). In this case F16CuPc film is thick enough to 
form a so-called β-F16CuPc structure, and therefore no structure rearrangement 
occurs with further growth of C60 molecules. No vacuum level shift can be 
observed as shown in Fig. 4.3.2. With such result from 10.0 nm F16CuPc, the 
shift of vacuum level at the C60 on 5.0 nm standing F16CuPc can be still 
explained by vacuum level alignment, because the changing of the WF of the 
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underlying substrate causes the shifting of the vacuum level of the both films. 
 
Figure 4.3.2 Synchrotron PES spectra at the low kinetic energy region (a) and 
the low-binding energy region near the Fermi level (b) during the deposition of 
C60 on 10.0 nm standing F16CuPc film on SiO2
 
. 
Finally we investigate C60 on lying F16CuPc film deposited on HOPG 
substrate, shown in Fig. 4.3.3. A 0.25 eV vacuum level shift is observed with 
increasing coverage of C60. The HOMO peaks of C60 show negligible binding 
energy shift (only 0.1 eV). Similar to the case of C60 on standing F16CuPc film, 
we attribute both the vacuum level and HOMO peaks shifts to the WF shifting 
from the rearrangement of underlying F16CuPc molecules. When the thickness 
of C60 reaches 8.0 nm, HOMO peak of C60 is located at 2.05 eV in binding 




Figure 4.3.3 Synchrotron PES spectra at the low kinetic energy region (a) and 
the low-binding energy region near the Fermi level (b) during the deposition of 
C60 on the lying F16
 
CuPc film on HOPG.  
4.4 Comparison of the two systems 
 




HOMO peak maximum 
(eV) 
C60 on standing CuPc 4.40 1.90 2.45 
C60 on lying CuPc 4.50 1.80 2.35 
C60 on standing F16CuPc 5.35 1.00 1.60 
C60 on lying F16CuPc 4.75 1.30 2.05 
Table 4.4.1 Summary of work function, HOMO edge, and HOMO peak 
maximum of C60 molecules on standing or lying CuPc and F16
 
CuPc thin films. 
The error bar is ± 0.05 eV. 
Table 4.4.1 summarizes the WF, HOMO edge, and HOMO peak maximum 
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of C60 molecules on standing or lying CuPc and F16CuPc thin films and. As 
indicated in Fig. 4.4.1, by carefully control of the orientation of CuPc and 
F16CuPc molecules, the C60 HOMO peak relative to the substrate Fermi level 
can be tuned by as much as 0.9 eV from 1.9 eV for C60 on standing CuPc film on 
SiO2 to 1.0 eV for C60 on standing F16CuPc film on SiO2. Fig. 4.4.2 exhibits all 
schematic drawings of orientation-controlled energy level diagrams at both 
standing and lying CuPc (F16CuPc) interfaces. The energy levels of CuPc show 
an upward shift due to the band bending effect with increasing coverage of C60, 
as shown in Fig. 4.4.2 (a). The HOMO positions are derived from PES 
measurements and the LUMO positions are derived from inverse PES 
measurements.[80] 
 
Figure 4.4.1 Low binding energy region of UPS of C60 films showing the 
tuning of C60
 
 molecular orbital HOMO positions by the orientation-controlled 





Figure 4.4.2 Schematic drawings of energy level diagrams at the (a) standing 






 CuPc and F16CuPc with different orientation adsorbed on SiO2 and HOPG 
were used to template the energy level alignment at OOH interfaces. As 
confirmed by He I UPS, XPS and synchrotron-based PES measurements, the 
C60 HOMO position relative to the Fermi level can be tuned by as much as 0.9 
eV from 1.9 eV for C60 on standing CuPc films on SiO2 to 1.0 eV for C60 on 
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standing F16CuPc films on SiO2. An orientation dependent interfacial charge 
transfer is observed for the standing C60/CuPc heterojunction. According to the 
defects induced gap state model, the substrate Fermi level is pinned at the 
LUMO of C60 on standing CuPc film; while there is a vacuum level alignment 
for C60 on the lying CuPc film. The small downwards vacuum level shifts for 
C60 on both standing and lying F16CuPc films are attributed to the 
rearrangement of underlying F16CuPc molecules during the initial deposition. 
This detailed study of the effect of organic molecular orientation on the energy 
level alignment at the organic-organic heterojunction interfaces has promising 




Chapter 5 Fermi level pinning at 




 In this chapter, we continue the energy level alignment study on the OOH 
and provide the general model for the explanation on the mechanism. Recently, 
intensive research efforts have been devoted to establishing a general 
mechanism that governs the energy level alignment at these interfaces. In the 
Chapter 1, ICT model [32, 81, 82] and IDIS model [83, 84] have been briefly 
introduced. However, they have limitation in describing all OOH interfaces. 
For IDIS model, we found the explanation on the OOH is weakly connected to 
the physics picture of the real interfaces. For the ICT model, though it was 
proposed for the weak interaction OOHs by introducing the polaron states, it 
still cannot provide the precise explanation of the phenomenon in the 
experiments. For instance, by using well-oriented polar phthalocyanine (Pc) 
monolayers on graphite surface to control the substrate WF, Fukagawa H. et al. 
[71] has demonstrated the role of the IP in vacuum-level alignment at organic 
semiconductor interfaces. When work function of substrate is smaller than the 
IP of the standing pentacene films, the vacuum-level alignment can be 
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observed; whereas for substrate work functions exceed the IP of the pentacene 
films, the Fermi level of the substrate is pinned with the HOMO of the 
pentacene films due to spontaneous electron transfer under thermodynamic 
equilibrium. Also, similar pinning effect relative to the substrate Fermi level 
was also observed by Koch et al.[85] for pentacene on several polymer 
substrates with different work functions, due to a charge transfer reaction 
between neutral pentacene molecules and PEDOT:PSS substrate cations in the 
presence of sulfonate moieties. However, in both cases the thickness of the 
pentacene thin films is no more than 2.0 nm corresponding to one or two 
monolayer of the standing pentacene films. Negatively, according to the ICT 
model [32], with the thickness of the organic thin films up to more than 10 nm, 
the Fermi level of the substrate should still be pinned with the positive 
(negative) integer charge transfer states, which usually lies a few hundred 
meV above (or below) the HOMO (or LUMO) edge. In order to solve this 
discrepancy and give a general model, we use in-situ high resolution 
ultraviolet photoelectron spectroscopy to study the energy level alignment 
mechanism at selected donor-acceptor OOH interfaces with different thickness, 
including the model OOHs with well-defined molecular orientation of the 
standing CuPc and ZnPc (both deposited at 550K) films on the standing 




5.2 ELA at CuPc/F16CuPc interface 
As previously reported, the CuPc/F16CuPc OOH on SiO2 can be considered 
as a standing-up OOH because of the weak van der Waals forces dominate the 
molecule-substrate interaction. Thus, both CuPc and F16CuPc molecules adopt 
a standing-up configuration with their molecular π-planes oriented nearly 
perpendicular to the substrate surface.[86, 87] The evolution of the UPS 
spectra of CuPc on 5 nm standing F16CuPc film on SiO2 as a function of CuPc 
nominal thickness is shown in Figure 5.2.1 for the HOMO (Fig. 5.2.1 (a) and 1 
(b)) and vacuum level (Fig. 5.2.1 (c)) regions. Due to the weak density of 
states near the Fermi level, we plot the valence band spectra on a log intensity 
scale as displayed in Fig. 5.2.1 (a) and 1 (b). It provides clear evidence that the 
Fermi level is pinned to the leading edge of the CuPc HOMO for the CuPc 
thickness below 2 nm. It is attained by a downward shift of VL by 0.7 ± 0.02 
eV or the reduction of the surface WF from 5.25 ± 0.02 eV to 4.55 ± 0.02 eV, 
as shown in Fig. 5.2.1 (c). After 2 nm thickness of CuPc, this Fermi pinning 
phenomenon is no longer observed and the HOMO peak of CuPc moves 
towards the higher binding energy together with a further downward shift of 
the VL during the increasing thickness of CuPc films. Compared to the 2 nm 
CuPc coverage, both VL and CuPc HOMO edge show downward shifting by 
0.6 ± 0.02 eV and saturate when the thickness achieves to 12 nm. Similar 
phenomenon has been reported by J. Hwang et al. previously, who 
demonstrated that the interface position of molecular levels with respect to 
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substrate Fermi level can be different from the position deeper in the bulk of 
the layer. It is attributed to states extending into the organic band gap.[88] The 
substrate WF, binding energy of CuPc HOMO edge and HOMO peak 
maximum, and IP (sum of WF and HOMO edge binding energy) of CuPc top 
layers are summarized in Table 5.2.1. The changes verse a function of CuPc 









5 nm F16CuPc on 
SiO2 
5.25 - - - 
0.3 nm CuPc 5.05 0 0.72 5.05 
1.0 nm CuPc 4.80 0 0.72 4.80 
2.0 nm CuPc 4.55 0 0.72 4.55 
5.0 nm CuPc 4.30 0.28 0.94 4.58 
8.0 nm CuPc 4.05 0.44 1.14 4.49 
12.0 nm CuPc 3.95 0.60 1.28 4.55 
Table 5.2.1 Summary of sample energetics derived from UPS measurement: 
sample WF, the energy position of CuPc HOMO edge and HOMO peak 
maximum with respect to the substrate Fermi level, and IP of CuPc top layers. 




Figure 5.2.1 Synchrotron-based UPS spectra for the deposition of CuPc on 
F16CuPc film on SiO2 at (a, b) the low-binding energy part near the EF
As shown in Fig. 5.2.1 (d), the energy level alignment at the CuPc/F16CuPc 
interface can be roughly divided into two regions as follows: CuPc 
 region 
(the intensity is on a log scale) and (c) at the low-kinetic energy region 
(secondary electron cut-off and the intensity is in linear scale) with a sample 
bias of -5 V. (d) Plot shows the trend of the work function, CuPc HOMO edge 
and HOMO peak maximum as a function of CuPc thickness. All spectra are 
measured with photon energy of 60 eV. All BE are relative to the Fermi level 
position of the electron analyzer. 
 70 
 
thickness<2 nm and thickness>2 nm. In Region (I), the substrate WF is larger 
than the IP of the standing CuPc film (~ 4.55 eV).[86, 89] If assuming that the 
vacuum level aligns at the heterojunction interface, this results the HOMO 
position of CuPc lies above the Fermi level, thereby expediting a spontaneous 
charge (electron) transfer from CuPc top layer to the underlying substrate 
Fermi level. This interfacial charge transfer results in a downward shift of the 
substrate VL (or reduction of substrate WF); thus, at the same time, the 
substrate Fermi level is pinned at the CuPc HOMO edge. In Region (II), when 
the CuPc thickness is larger than 2 nm, the decreasing substrate WF is smaller 
than the IP of the standing CuPc film. We observe a downward shift for VL, 
CuPc HOMO edge and HOMO peak during the CuPc deposition, i.e., a 
downwards “band-bending like” feature. For better illustration, the energy 






Figure 5.2.2 The energy diagram of the CuPc/ F16
 
CuPc interface. 
To better understand the pinning effect of the Fermi level to the CuPc 
HOMO edge at low CuPc thickness, we used an ultrahigh sensitive and 
ultralow background UPS system to investigate this OOH.[90, 91] Fig. 5.2.3 
(a) shows the UPS spectra with low CuPc coverage (0.3 nm, 0.6 nm and 1.2 
nm, in Region (I)) near the EF region on a log intensity scale. It gives a clearer 
view of the Fermi level pinning at the CuPc HOMO edge by log scale. With 
the CuPc coverage to 6 nm (in Region (II)), the CuPc HOMO peak shifts to 
the higher binding energy from 0.71 ± 0.02 eV (0.6 nm CuPc coverage) to 
1.05 ± 0.02 eV, as shown in Fig. 5.2.3 (b). The results are consistent with our 





Figure 5.2.3 (a, b) High-precision and low-background UPS spectra with 
monochromatic Xe Iα source (8.437 eV) during the deposition of CuPc on 
F16CuPc film on SiO2 at the low-binding energy part near the EF
  
 region. The 
intensity in panel (a) is plotted on a log scale to better reveal the HOMO is 
reaching the Fermi edge, while panel (b) is plotted in linear scale. The inset in 
panel (b) showing the corresponding UPS spectra at the low-kinetic energy 
region with a sample bias of -7 V. 
5.3 ELA at ZnPc/F16CuPc interface 
 Similar pinning and band bending behavior can be also found for the 
OOH of ZnPc on the standing F16CuPc film on SiO2 as shown in Figure 5.3.1. 
With the thickness of 0.1 nm (Fig. 5.3.1 (a)) and 0.5 nm (Fig. 5.3.1 (b)) ZnPc, 
the substrate WF is 5.20 ± 0.02 eV and 5.05 ± 0.02 eV (Fig. 5.3.1(d)), 
respectively. It is reported that the IP for ZnPc thin film on C60 is 4.79 eV.[92] 
This is smaller than the substrate work function of the standing F16CuPc film 
on SiO2. According to the experimental results for standing CuPc on F16CuPc, 
the substrate Fermi level should be also pinned at the ZnPc HOMO leading 
edge, in consistent with our experimental observations as shown in Fig. 5.3.1 
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(a) and (b). As the same to CuPc, this pinning effect can be seen more clearly 
in Fig. 5.3.1 (c) by using the plot on a log intensity scale. As such, we can 
conclude that the substrate Fermi level will be pinned at the organic HOMO 
edge at the interface, if the substrate work function is larger than the IP of the 
molecule at the OOH interfaces. 
 
Figure 5.3.1 UPS spectra during the deposition of 0.1 nm (labeled with (2)) 
and 0.5 nm (labeled with (3)) ZnPc on F16CuPc film (labeled with (1)) on 
SiO2 at (a, b, c) the low-binding energy part near the EF region and (d) at the 
low-kinetic energy part (secondary electron cut-off and the intensity is on a 
linear scale) with sample bias of -7 V. The intensity in panels (a) and (b) is 
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plotted on a linear scale, while the intensity in panel (c) is plotted on a log 
scale to better reveal the HOMO is reaching the Fermi edge. All spectra are 
measured with monochromatic Xe Iα source (8.437 eV). 
  
5.4 Defects induced gap states model for ELA 
 Recently W. L. Kalb et al. examined the defects induced gap states 
extending from the valence-band edge into the band gap for small organic 
molecules.[93] Such gap or trap states exist not only in poly-crystalline films 
but also in crystalline thin films,[94-96] even in molecular single 
crystals.[97-99] For our thermally deposited CuPc thin films in this work, 
there is no doubt that such defects induced gap states exist in the films, as 
shown by the schematic in the top panel in Figure 5.4.1. The density of states 
(DOS) of these gap states is exponentially decayed as a function of their 
energy differ from the HOMO, i.e. the larger the energy offset, the weaker the 
DOS. In our work, it has been found that these gap states have a significant 
effect on the energy level alignment at the OOH interface. When the thickness 
of CuPc thin films is below 2.0 nm (Region (I): WF > IP), the work function 
of the underlying substrate is larger than the ionization potential of the top 
CuPc layers. As a result, electrons from the top CuPc layer (gap states + 
HOMO electrons) spontaneously transfer to the underlying F16CuPc layer. As 
the integration over all gap states of the CuPc layer is not sufficient enough to 
obtain necessary total electrons for interfacial charge transfer, the substrate 
Fermi level is pinned at the HOMO leading edge of the CuPc top layer after 
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the depletion of all the gap states. With increasing CuPc thickness above 2 nm 
(Region (II): WF < IP), the gap states still locate above the substrate Fermi 
level, allowing the charge transfer to occur. However, the degree of the charge 
transfer is weaker compared to that at the interface region (Region (I)). In this 
case, the integration (or depletion) of a large number of CuPc molecules' gap 
states can provide sufficient enough electrons for charge transfer. As shown in 
the bottom panel in Fig. 5.4.1, the substrate Fermi level can be pinned at the 
bottom of the gap states, i.e., the gap states with high DOS and closer to the 
HOMO. Further increasing CuPc thickness, the charge transfer is even weaker. 
Hence the integration of a small energy range of gap states is enough to 
provide necessary electrons for charge transfer. As a result, the substrate 
Fermi level moves even deeper in the band gap and is located at the top of the 
gap states (away from the HOMO edge). As shown in Figure 5.4.1, this can 
well explain the “band-bending like” feature observed when the CuPc 




Figure 5.4.1 Schematic illustration of the Fermi level pinning mechanism and 
the “band-bending” like feature at the CuPc/F16
 
CuPc heterojunction interface. 
 As mentioned above, the gap states should also exist near the LUMO. 
Thus, when the WF is smaller than the EA of the upper molecule. The 
simultaneous electrons transfer from the underlying substrate to the 
as-deposited upper film should be observed at the beginning, resulting Fermi 
level pinned to the LUMO of the upper molecule. The upwards shift of 
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vacuum level occurs in this period, indicating the increasing WF of substrate. 
When WF is larger than the EA, the increasing gap states in the molecule will 
cause the Fermi level located from the LUMO to the lower gap states, 
resulting an upwards vacuum level shifting (upwards band bending). This can 
explain the phenomenon of C60 on the standing CuPc in the Chapter 4. 
 When the WF is between the EA and IP of the molecule, the vacuum level 
alignment could be predicted. As the Fermi level of the substrate in this case is 
located between the LUMO and HOMO before contact, there is no energetic 
preferable for the charge transporting direction after contact. Thus, negligible 
charge transfer could occur at the interface, and the Fermi level of the 
substrate stays at some gap states of the upper film. Therefore, the C60 on lying 




Organic donor-acceptor heterojunctions of CuPc and ZnPc on F16CuPc 
films on SiO2 have been used as model systems to understand the interfacial 
energy level alignment mechanism. By using in-situ high-resolution UPS 
measurements, we identify two regions for the interfacial energy level 
alignment: in Region I (low thickness) where the WF of the underlying film is 
larger than the IP of the top organic layers, the substrate Fermi level is pinned 
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at the HOMO peak leading edge of CuPc or ZnPc and the WF is decreased 
due to the interfacial charge transfer; in Region II (large thickness) where the 
WF is smaller than the IP of the top organic layers, a downward band-bending 
like feature is observed at the OOH interface. Furthermore, when the WF is 
smaller than the EA, the Fermi level is firstly pinned to LUMO and a upward 
band-bending like behavior can be predicted. When the WF is in between the 
EA and IP, the vacuum level alignment should be observed. This observed 
thickness-dependent Fermi pinning behavior could account for the 
discrepancies on the Fermi pinning energy often found in literatures (i.e. 
integer charge transfer state vs. tailing gap states), as they essentially were 
looking into different thickness of the organic films. Finally. through the 
defect induced gap states, we provide a detailed explanation for this thickness 
dependent energy level alignment and Fermi level pinning mechanism at the 
organic donor-acceptor OOH interface. The present study can help better 
understand the energy level alignment mechanism at various OOH interfaces, 
and hence facilitate the practical applications of organic heterojunction based 
electronic devices, such as  organic light emitting diodes, bipolar organic 







Chapter 6 PES and device study at 
organic/electron transporting layer 
interface 
6.1 Introduction 
 Recently, popular organic ETLs include organic small molecules such as 
Bathocuproine (BCP),[100] 4,7-Diphenyl-1,10-phenanthroline (Bphen),[101] 
and alcohol/water-soluble conjugated polymers.[12, 42] Among them, organic 
small molecule based ETLs show a number of potentially attractive 
characteristics, as a well-fined chemical structure, ease of synthesis with high 
purity and good processability via low-temperature thermal evaporation and 
solution processing. However, the main drawback of the previews small organic 
ETL molecules, is that the thin film is easily crystallize from the amorphous 
surface under high illumination intensity.[100, 102] For the purpose of an 
efficient and stable OPV device, a wide-band-gap ETL with a deep HOMO 
level and morphological stability are favorable. Therefore, the ETL based on 
BPhen derivatives should consider both preserved effective electron transport 
characteristic and suitable glass transition temperature. 
 In this chapter, we study newly designed electron transporting material 
Phen-NaDPO and NaBDPO.(molecule structure presented in Fig. 6.1.1) These 
novel ETLs material possess a relatively high Tg (higher than 110 °C) and 
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thermal stability (higher than 340 °C). Confirmed by the OPV results, they both 
perform as an effective transporting material. Together with the electrical 
measurement results and energy level alignment, we demonstrate these novel 









Phen-NaDPO                  NaBDPO 
Figure 6.1.1 Molecule structure of Phen-NaDPO and NaBDPO. 
 
6.2 OPV device property with the ETLs  
The Fig. 6.2.1 shows the J-V curves of P3HT:PCBM solar cell with ETLs 
under different electrode selection. The Phen-NaDPO device exhibit higher 
efficiency compared to NaBDPO. The Phen-NaDPO in Al anode solar cell is 
comparable to the Ca modified anode with Jsc= 10.23 mA cm–2, Voc = 0.61 V, FF 
= 66% and PCE = 4.14%. Inserting a thin layer of Phen-NaDPO (5 nm) leads to 
a largely improved photovoltaic performance relative to the corresponding 
reference Ag device (Fig. 6.2.1 (b) and Table 6.2.1) with Jsc= 8.56 mA cm–2, Voc 
= 0.61 V, FF = 69% and PCE = 3.61%, which is comparable to those of the 
analogue devices utilizing a conjugated polymer electrolyte [103, 104] or 
ammonium salt layer.[105] By contrast, the reference Ag device without this 





Figure 6.2.1 J–V curves of the photovoltaic devices (a) 
ITO/PEDOT:PSS/P3HT:PC61BM/ETL (x nm)/Al, (b) 



















Ag 0 2.18(2.10) 9.72(9.77) 0.48(0.48) 0.47(0.45) 10.60 0.29 
Phen-NaDPO/Ag 
3 2.84(2.80) 8.57(8.74) 0.60(0.60) 0.55(0.54) 12.88 0.48 
5 3.61(3.59) 8.56(8.53) 0.61(0.61) 0.69(0.69) 5.75 0.96 
10 3.37(3.39) 9.29(9.53) 0.59(0.60) 0.61(0.60) 7.20 0.75 
15 3.42(3.20) 8.49(7.95) 0.61(0.61) 0.67(0.66) 9.05 2.56 
(IPA)Phen-NaDPO  2.82 (2.73) 9.93 (9.81) 0.55 (0.55) 0.52(50.53) 7.94 0.40 
NaBDPO/Ag 3 2.63(2.50) 8.79(8.37) 0.56(0.57) 0.53(0.52) 0.61 10.86 
 5 3.25(3.06) 9.56(9.62) 0.60(0.60) 0.57(0.53) 1.48 9.22 
 10 2.89(2.85) 8.75(8.93) 0.59(0.58) 0.56(0.55) 0.72 8.85 
 15 2.11(2.06) 8.83(8.96) 0.52(0.52) 0.46(0.44) 0.56 31.50 
Al 0 2.84(2.82) 10.06(10.09) 0.54(0.53) 0.53(0.52) 13.06 0.73 
Ca/Al 0 4.18(4.01) 9.93(9.42) 0.61(0.61) 0.69(0.69) 2.93 4.32 
Phen-NaDPO/Al 
3 4.14(4.07) 10.23(10.10) 0.61(0.61) 0.66(0.66) 5.47 0.96 
5 4.04(3.96) 9.64(9.57) 0.62(0.61) 0.68(0.67) 5.05 0.69 
10 4.06(3.98) 9.95(9.75) 0.61(0.61) 0.67(0.67) 5.12 0.98 
15 3.63(3.59) 9.58(9.19) 0.61(0.61) 0.62(0.64) 10.14 1.45 
(IPA)Phen-NaDPO  3.26 (3.14) 8.81 (8.48) 0.60 (0.60) 61.64 (61.65) 6.80 1.88 
NaBDPO/Al 3 3.62(3.54) 10.94(10.67) 0.61(0.61) 0.55(0.55) 10.47 0.61 
 5 3.94(3.81) 9.67(9.31) 0.61(0.61) 0.67(0.67) 5.31 0.87 
 10 3.54(3.44) 9.72(9.88) 0.61(0.60) 0.60(0.59) 7.86 0.80 
 15 2.64(2.54) 8.68(8.14) 0.59(0.59) 0.48(0.49) 20.10 0.67 
Table 6.2.1 Summary of the photovoltaic data 
(ITO/PEDOT:PSS/P3HT:PC61BM/ETL(x nm)/anode), under light intensity of 
100 mW cm–2
 
. Anode = Ag, Al and Ca/Al. The data in parentheses are the 
average results of three devices. 
Furthermore, these ETLs are also suitable to other commercial polymer 
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solar cell, such as PTB7. In the presence of Phen-NaDPO, the optimized device 
produced a further increase of PCE to 7.51% (Jsc = 18.04 mA cm–2, Voc = 0.71 V, 
FF = 0.59), whereas the reference Ag device showed a considerably lower PCE 
of ~ 2.19% with Jsc = 16.46 mA cm–2, Voc = 0.38 V, FF = 0.35 (Table 6.2.2). The 
photovoltaic devices (ITO/PEDOT:PSS/P3HT:PC61BM/ETL/Anode) 
comprising an interlayer of Phen-NaDPO spin-cast from isopropanol solution 
(0.5 mg mL–1) was also fabricated. The performance is considerably improved 
with respect to those of the reference devices devoid of a ETL interlayer: Jsc= 
8.81 mA cm–2, Voc = 0.60 V, FF = 0.62 and PCE = 3.26% in Al devices and Jsc= 















Ag 0 2.19(2.12) 16.46(16.43) 0.38(0.37) 0.35(0.35) 14.82 0.14 
Phen-NaDPO/Ag 3 7.51(7.44) 18.04(18.04) 0.71(0.70) 0.59(0.59) 4.40 0.76 
Al 0 5.43(5.37) 16.69(16.66) 0.60(0.60) 0.54(0.54) 7.94 0.55 
Ca/Al 0 7.31(7.26) 16.04(16.21) 0.72(0.72) 0.63(0.62) 4.54 0.65 
Phen-NaDPO/Al 3 8.56(8.37) 16.81(16.72) 0.75(0.74) 0.68(0.67) 3.61 0.49 
Table 6.2.2 Summary of the photovoltaic data 
(ITO/PEDOT:PSS/PTB7:PC71BM/ETL(x nm)/anode), under light intensity of 
100 mW cm–2
 
. Anode = Ag, Al and Ca/Al. The data in parentheses are the 
average results of three devices. 
Notably, Voc could be influenced by the electrical contact between the active 
layer and the electrodes, as well as the HOMO level of the donor and LUMO 
level of the acceptor.[22, 47, 106] Similar to the Phen-NaDPO/Al and Ca/Al 
devices (as discussed above, in Fig. 6.2.2 and Table 6.2.1 and 6.2.2), 
introducing a Phen-NaDPO interlayer provides a Voc of ~ 0.60 V concerning the 
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active layer P3HT:PC61BM and ~ 0.70 V concerning PTB7:PC71BM for the Ag 
anode, indicating an Ohmic contact between the active layer and the interfacial 
layer on the metal anodes.  
The high FF of the photovoltaic devices that contained a Phen-NaDPO 
interlayer can be understood in terms of the optimized series resistance (Rs) and 
the shunt resistance (Rsh), which are calculated from the inverse slope near Voc 
and V = 0 V in the photocurrent density–voltage curves, respectively.[106] The 
generally smaller Rs and higher Rsh values, as compared to those of the reference 
devices without an ETL, reveal that ETLs can effectively reduce the contact 
resistance and recombination at PC61BM and the Ag anode interface.  
 
6.3 Energy level alignment of ETLs modified electrode and ETLs/C60 
interface 
6.3.1 PES study on the ETLs/electrode interface 
In order to get an in-depth understanding of the effects of the present ETLs 
Phen-NaDPO and NaBDPO on electron extraction in OPV devices, the 
interfacial electronic structures of ETLs on silver substrates were firstly 
evaluated by UPS in Fig. 6.3.1. The Phen-NaDPO and NaBDPO were 
deposited at 480K and 440K respectively in the preparing chamber. The UPS 
spectra at the low kinetic energy region (Fig. 6.3.1 (a),(c)) reveal the evolution 
of vacuum level and hence the surface work function of Ag substrate upon the 
deposition of ETL. A tremendous vacuum level downward shift of 1.98 eV 
(Phen-NaDPO) and 1.70 eV (NaBDPO) can be observed after the deposition of 
10 nm ETLs film on Ag, with the work function of Ag reduced to 2.64 eV and 
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2.84 eV, respectively. Such low work function can greatly facilitate the electron 
extraction in OPVs. 
 
 
Figure 6.3.1 UPS spectra of ETLs with various thickness deposited on Ag, (a) 
and (c) the low kinetic energy region for Phen-NaDPO and NaBDPO, (b) and (d) 
the valence band region for Phen-NaDPO and NaBDPO. 
 
From the UPS spectra of the valence band region (Fig. 6.3.1 (b),(d)), the 
HOMO edge for Phen-NaDPO films on Ag locates at the binding energy of 3.30 
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eV below the Fermi level for 10 nm thickness; while the other one locates at 
3.55 eV. The optical band gap of Phen-NaDPO and NaBDPO was measured to 
be 3.36 eV and 3.60 eV (Fig. 6.3.2). Due to the large exciton binding energy in 
organic materials, the HOMO-LUMO electronic band gap is usually a few 
hundred meV larger than the optical band gap. Combining with the deep lying 
HOMO levels, the LUMO of Phen-NaDPO can be deduced to locate right 
above the Fermi level for both materials, thereby facilitating electron transfer 
during the electron extraction via these low-lying LUMO states of the ETL.  







1.2  Phen-NaDPO Solution UV-vis
 Phen-NaDPO Solid UV-vis
 NaBDPO Solution UV-vis










Figure 6.3.2 UV-vis spectra of Phen-NaDPO and NaBDPO in CH2Cl2 (~ 1.0 × 
10–5 mol L–1
 
) and as films on quartz. 
The evolution of thickness-dependent XPS core level spectra in Fig. 6.3.3 
reveals the existence of strong interaction at the interface between ETLs film 
and Ag. For the case of Phen-NaDPO on Ag, the C 1s peak appears and shifts 
0.45 eV to higher binding energy for 10 nm thickness film; while the 0.55 eV 
shifts can be observed in NaBDPO case. During the deposition of the ETLs on 
Ag substrate, there exhibited two different peaks with binding energy at 134.85 
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eV and 132.90 eV for P 2p core level (Fig. 6.3.3 (b), (d)) for sub monolayer and 
bulk film. The peak with higher binding energy at 134.85eV at low coverage 
could be assigned to the P=O functional group chemically coupled with 
Ag.[107, 108] Furthermore the rigid phenanthrolinyl moiety has been shown to 
interact with various metals including Al [109] and Ag. Such strong interactions 
can promote a good electrical contact between the ETL and Ag electrodes.  
 
 
Figure 6.3.3 XPS spectra of ETLs with various thickness deposited on Ag, (a) 
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and (c) P 2p core level of Phen-NaDPO and NaBDPO, (b) and (d) C1s core 
level of Phen-NaDPO and NaBDPO. 
 
On inert substrate of graphite (e.g. HOPG) and the widely used ITO substrate, 
the coating of Phen-NaDPO and NaBDPO film can also lead to the significant 
reduction on surface work function, i.e., the surface work function can be 
reduced to 3.02 eV (Phen-NaDPO on HOPG), and 3.10 eV (Phen-NaDPO on 
ITO), respectively, reduced to 2.80 eV (NaBDPO on HOPG), and 3.10 eV 
(NaBDPO on ITO) as shown in Fig. 6.3.4. This observation suggests that these 
ETLs film can be used as a potentially universal low work function surface 





Figure 6.3.4 UPS spectra at the low-kinetic energy part (a), (c) and valence 
band spectra near the Fermi level (b), (d) for 10 nm Phen-NaDPO, NaBDPO on 
ITO (blue) and HOPG (black) surface. The work function of pristine substrates 
is also provided in (a), (c). 
 
Core levels of P 2p and C 1s are also monitored during the deposition as 
shown in Fig. 6.3.5. Interestingly, P 2p for both ETLs does not possess two 
different core level peaks for sub monolayer and bulk film in contrast to that on 
Ag. The single peak locates at around 133 eV for 10 nm film. This difference 
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comes from the different interaction between the ETLs and active metal surface 
or inert surface. Furthermore, this phenomenon confirms there is strong 
interaction between the ETLs and Ag surface via P=O. 
 
 
Figure 6.3.5 XPS spectra of P 2p (a), (c) and C 1s (b), (d) as a function of 




6.3.2 PES study on the ETLs/organic interface 
We further evaluate the interface between the low work function ETLs and 
the active acceptor molecules (n-type) by using C60 (deposited at 600K) as a 
model system. As shown in Fig. 6.3.6, during the sequential deposition of C60 
on Phen-NaDPO modified ITO substrate, the vacuum level is gradually upward 
shifted, or the work function is increased from 3.10 eV to 4.26 eV (by 1.16 eV). 
This is accompanied by an obvious upward band-bending like behavior in C60 
film, i.e., the HOMO peak of C60 moved from 3.34 eV towards the Fermi level 
(Fig. 6.3.6 (b)) by 0.6 eV. This large reduction of the energy between the 
LUMO and Fermi Level will significantly benefit the electron extraction. Based 
on such observation, the low work function of the present Phen-NaDPO can 
induce efficient electron transfer from the substrate via Phen-NaDPO film to 
C60, leading to the notable increase of work function (Fig. 6.3.6 (c)) and the 
formation of a large interfacial dipole or the build-in electric field (Fig. 6.3.6). 
By contrast, the charge transfer between the unmodified ITO and C60 appears 
negligible.[110] The C60 on NaBDPO modified ITO has also been studied by 
UPS. As shown in Fig. 6.3.7, the WF is increased by 1.20 eV and HOMO peak 




Figure 6.3.6 Thickness-dependent UPS spectra at the low-kinetic energy part 
(a), low binding energy part near the Fermi level (b), the schematic energy 




Figure 6.3.7 Thickness-dependent UPS spectra at the low-kinetic energy part 
(a), low binding energy part near the Fermi level (b), the schematic energy 
diagram of C60 on NaBDPO as a function of C60 
 
thickness (c). 
In both ETLs studies, the strong electron transfer from the ETLs modified 
substrate to the C60 layer can be revealed. Considering the C60 optical band gap 
around 2.0 eV, the LUMO level of C60 is situated right above the Fermi level at 
the interface (Fig. 6.3.6 (c) and 6.3.7 (c)), thereby facilitating the effective 
electron extraction from organic acceptor through the ETLs (via the low-lying 
LUMO) to the anode electrode, as well as minimizing the energy loss during the 
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electron extraction process. Moreover, the build-in electric field in favorable 
direction can greatly facilitate electron extraction from the active layer to the 
anode (Fig. 6.3.8).  
 
Figure 6.3.8 Schematic of the additional electrical field formed by inserting 
ETLs. 
 
6.4 Summary  
In summary, these novel organic molecules provide the multiple attractive 
characteristics such as a high Tg and dual process ability by vacuum thermal 
and solution deposition. The photovoltaic devices that contained a thermally 
deposited Phen-NaDPO interlayer and Ag or Al anode produced a considerably 
improved PCE, due largely to a simultaneous increase in Voc and FF relative to 
the reference devices without an ETL. Notably, a PCE of 7.51% was obtained 
for the Phen-NaDPO/Ag device utilizing the active layer PTB7:PC71BM. The 
increased PCE to 8.56% of the Phen-NaDPO/Al device (with Jsc = 16.81 mA 
cm–2, Voc = 0.75 V, FF = 68%) appears comparable to that of the similar device 
involving a widely used conjugate polymer interlayer. In-situ UPS and XPS 
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experiments were carried out to explain the functions of Phen-NaDPO in the 
OPV devices based on the energy level alignments at the ETL/metal and 
C60/ETL interfaces. Phen-NaDPO on Ag possesses a low work function of 2.64 
eV to facilitate effective electron extraction in OPV devices. It is found that 
Phen-NaDPO and NaBDPO can also work as a universal and effective electron 














Chapter 7 Thesis summary and outlook 
 
7.1 Thesis summary 
 This thesis explored the electric structures of the organic/organic interface. 
The selected models of donor-acceptor and electron injection/organic interface 
are studied to understand the interface engineering of the organic electronic 
devices. 
 Firstly, in situ LT-STM and PES experiments have been used to investigate 
the organic donor-acceptor nanostructure formation processes of C60 and 6T on 
graphite. On the weakly interacting HOPG substrate, during the RT deposition 
of C60, the intermolecular interaction between C60 and 6T can induce structural 
rearrangement of the underlying 6T nanostripe and hence facilitate the 
formation of three energetically stable structural motifs with well-defined 
supramolecular arrangements. It is found that only the C60 zigzag filament can 
develop into a long-range ordered two-dimensional network of C60 zigzag chain 
array by annealing the system at 350 K. Our detailed investigation by using 
model system of C60 and 6T on graphite can help better understand the 
nanoscale phase separation and nanostructuring at the organic donor acceptor 
heterojunction interfaces and hence to improve the power conversion efficiency 
of organic solar cells via maximizing the donor-acceptor interface contact to 
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facilitate efficient exciton dissociation. Our study also has potential 
implications for the design and fabrication of 2D binary molecular 
nanostructure arrays with desired functionality by controlling and manipulating 
the intermolecular and interfacial interactions.  
 Secondly, the interface electronic structure of C60/CuPc and C60/F16CuPc 
heterojunctions on SiO2 and HOPG has been studied using UPS, XPS and 
synchrotron based PES. Fermi level pinned to the defects induced gap states 
near the LUMO of C60 molecules on standing CuPc films has been observed, 
while there is near vacuum level alignment for C60 on the lying CuPc films. We 
also found small vacuum level shifts for C60 on both standing and lying F16CuPc 
films, which can be attributed to the rearrangement of underlying F16CuPc 
molecules. Moreover with the use of orientation-controlled CuPc and F16CuPc 
thin films, the C60 HOMO energy levels relative to the substrate Fermi level can 
be tuned from 1.9 eV for C60 on standing CuPc films to 1.0 eV on standing 
F16CuPc films.  
 Thirdly, we investigate the energy level alignment and the Fermi level 
pinning mechanism at the organic donor-acceptor heterojunctions interfaces by 
using the model OOHs with well-defined molecular orientation of the standing 
CuPc and ZnPc films on the standing F16CuPc thin films on SiO2. We identify 
two distinct regions for the energy level alignment by in-situ ultraviolet 
photoelectron spectroscopy investigation and provide detailed explanation on 
the mechanism with defect induced gap state model. We further generalized 
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this defect induced gap states by the relation between the pristine work 
function of substrate (WFsub) and EA/IP of the molecule (EAmole/IPmole) by 
three situations: 
(I) WFsub>IPmole, the Fermi level first pinned with the HOMO of the molecule, 
then an upward band bending like behavior will be observed, with Fermi level 
located at some gap states above the HOMO;  
(II) WFsub<EAmole, the Fermi level first pinned with the LUMO of the 
molecule, then a downward band bending like behavior will be observed, with 
Fermi level located at some gap states beneath the LUMO; 
(III) EAmole<WFsub< IPmole, the vacuum level alignment will be obtained. 
 Through this defect induced gap state model, we can provide a detailed 
explanation for this thickness dependent energy level alignment and Fermi level 
pinning mechanism at the OOH interface. 
 Finally, the novel ETL with multiple attractive characteristics such as a 
high Tg (higher than 110 °C) and dual process ability by vacuum thermal and 
solution deposition is studied by PES. The photovoltaic devices that contained a 
thermally deposited Phen-NaDPO interlayer and Ag or Al anode produced a 
considerably improved PCE, due largely to a simultaneous increase in Voc and 
FF relative to the reference devices without a ETL. Notably, the increased PCE 
to 8.56% of the Phen-NaDPO/Al device (with Jsc = 16.81 mA cm–2, Voc = 0.75 
V, FF = 68%) appears comparable to that of the similar device involving a 
widely used conjugate polymer interlayer. In-situ UPS and XPS experiments 
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were carried out to explain the functions of Phen-NaDPO and NaBDPO in the 
OPV devices based on the energy level alignments at the ETL/metal and 
C60/ETL interfaces. Phen-NaDPO on Ag possessed a low work function of 
2.64 eV to facilitate effective electron extraction in OPV devices. It is found that 
Phen-NaDPO and NaBDPO can also work as a universal and effective anode 
interfacial material for various substrates including ITO and HOPG. 
 
7.2 Future work 
 The defect induced gap states has demonstrated as a suitable model in 
explaining the OOH and even in the weakly interacted organic/transition metal 
oxides. However, the origin of this inevitable gap states is very complicated, 
generated from such as disorder, imperfectness of packing and thermal motion 
of the molecules. It is essential to understand how gap states can contribute to 
the device performance, and hence to control them to improve device 
performance. 
 The newly emerged methylammonium lead trihalide perovskite is 
refreshing the records vigorously. The PCE has come to 19.3% from the 
current report.[111] This inorganic-organic based solar cell introduces a broad 
way for the solar cell. The high Jsc together with the high Voc evokes the study 
on the particular inorganic organic interface. The poor stability and 
non-environmental require the further development for the material synthesis 
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and the structural design. Together with the device performance evaluation, 
the electronic structure investigation could help to understand energy diagram 
of the interface and provide the guide to further improve the device 
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